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ABSTRACT
Animal noses have evolved the ability to rapidly detect a seemingly infinite array
of odors at minute concentrations. The basis of this sensitivity are the olfactory (smell)
receptors - a large, highly related class of sensory G-protein coupled receptors that
function together combinatorially to allow discrimination between a wide range of
volatile and soluble molecules. However, the structural and functional mechanisms of
these amazing receptors are not currently known.
In order to begin to investigate the molecular mechanism(s) of olfaction, I have
developed a mammalian expression system for the large-scale production and purification
of functional olfactory receptor (OR) proteins in milligram quantities. Expressed OR
genes were fabricated from scratch using PCR-based gene synthesis, which facilitated
codon optimization and attachment of different affinity tags for purification. Established
methods for the production and purification of rhodopsin were adapted to olfactory
receptors through extensive optimization (including a full-spectrum screening of over 45
detergents). Key to the efficient extraction and solubilization of olfactory receptors tested
is the use of novel zwitter-ionic fos-choline detergents.
Following initial experiments on the inducible expression of a human olfactory
receptor (hOR17-4) in adherent HEK293S cell cultures, the system was successfully
scaled up using a suspension bioreactor. Large-scale culture allowed the purification of
>10 milligrams of hOR17-4 monomer at >90%, which was suitable for subsequent X-ray
crystallization screening trials. The purified protein was also characterized using several
spectroscopic methods and shown to possess the correct secondary structure and several
predicted post-translational modifications. To assay the functionality of purified (non-
membrane-bound) hOR17-4, we successfully developed an in vitro assay method using
surface plasmon resonance (SPR) to demonstrate that the receptor retains functional
selectivity in binding specific odorant ligands in a concentration-dependent manner.
The application of these techniques to other olfactory receptors already shows
promise and could lead to a generalized method for obtaining large quantities of any
olfactory receptor in a rapid and simple manner. Such methods could prove extremely
useful in elucidating the structural and functional mechanism(s) of olfactory receptors
and in their integration into OR-based biosensor devices.
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The mammalian nose has evolved the ability to rapidly detect small airborne
molecules at minute concentrations. Furthermore, the range of odorants (smellable
molecules) detected is chemically diverse and seemingly infinite. This is due to the fact
that the olfactory (smell) receptors recognize only parts of the scent molecule, and thus
one odorant can in turn activate many different types of receptor [1]. The combinatorial
signal generated is then interpreted by the brain and identified. Likewise, since every
receptor only recognizes key molecular groups, multiple odorants will activate the same
receptor [2]. This gives the mammalian nose the striking ability to detect new chemicals
never encountered in evolution.
The detection range of the human nose is on the order of parts per million (ppm)
down to parts per billion (ppb). As an analogy, detecting one part per billion is the
equivalent of finding one particular penny in 10 million dollars worth of pennies! The
sensitivity of the mammalian nose is exemplified in the canine and mouse, where many
compounds can be detected down to below the parts per trillion (ppt) threshold [3]. By
conparison, most current artificial noses can only detect in the ppm range. Additionally,
other mammalian species possess even greater olfactory capability. For example, it is
estimated that the grizzly bear has a sense of smell seven times more sensitive than a
bloodhound's.
Olfactory Receptor (OR) Background
Figure 1.1 - Cartoon representation of an olfactory receptor showing the seven
transmembrane domains and loop regions. Reprinted from [5] (figure 3) with kind
permission from Springer Science+Business Media, @2003.
Olfactory receptors (or odorant receptors) are a large, highly related class of 0-
Protein Coupled Receptors (GPCRs) that function together to allow discrimination
between a wide range of volatile molecules [4]. All GPCRs are integral membrane
proteins with seven transmembrane domains arranged in a barrel-like conformation (see
figure 1.1). In olfactory receptors, it is thought that this configuration forms a funnel-
shaped pocket for odorant binding [5].
The olfactory receptor gene family constitutes the largest single class of genes in
the vertebrate genome (2-3% in the human) [6]. Current estimates put the number of
human olfactory receptor genes at 636, with only 339 being functional and the rest being
non-functional pseudogenes [1, 7-9]. This is considerably less than the mouse OR gene
family of nearly 1300 (913 functional) [10, 11] or the canine OR gene family of roughly
1200 (-1000 functional) [12].
The olfactory receptor gene family has been broken into two classes, Class I and
Class II. Class II receptors constitute the bulk of mammalian olfactory genes and have
affinity for small, volatile hydrophobic compounds. The Class I "fish-like" receptors
show genetic similarity to many amphibious ORs and have affinity for small water-
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Figure 1.2 - Diagram of olfactory receptor downstream signaling in olfactory
neurons. Reprinted from [15] with permission from Elsevier, @ 1998.
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Vigure 1.3 - Neuronal wiring of olfactory system. Signals from neurons that express
the same receptor later converge, thus the brain can tell which receptors were activated
by analyzing a spatial pattern of activity. Reprinted from [19] with permission of Oxford
University Press, @2002.
subfamilies (172 total for humans) [8, 13].
All ORs (with key exceptions) are expressed solely on the cilia of olfactory
neurons within the nasal cavity [14]. Odorant binding and recognition leads to activation
and release of the olfactory G-protein Golf, which triggers cyclic-AMP production, ion-
channel-mediated Ca - release, and finally the firing of an action potential into the
olfactory bulb to be interpreted by the brain (see Figure 1.2) [15-17]. Through an
unknown mechanism of allelic inactivation, every olfactory neuron chooses a single OR
gene to express [18]. Signals from neurons that express the same olfactory receptor later
converge downstream at neural foci called glomeruli [19, 20]. As the same odorant will
stimulate multiple ORs (and to various strengths), the brain receives a spatial map of
receptor activity through these glomeruli (see Figure 1.3) [21]. Odorants are thought to
be recognized by matching a specific spatial pattern (a combinatorial code) [1, 22].
................. .  ................. .. ..........
Despite the genetic and signaling knowledge of the OR family, very little is known
regarding how these receptors function and what determines their odorant specificity
[23]. Currently, ligand specificities have only been determined in 26 mammalian ORs
and a handful of ORs from other non-mammalian species (for a summary, see [8, 11]).
The method of measuring odorant specificity currently relies on several techniques for
measuring downstream OR activation in cells:
a) calcium-influx imaging assays of single olfactory neurons
b) calcium-release assays in heterologous expression systems (such as
HEK293 cells)
b) voltage clamping
c) cAMP-responsive element (CRE)-driven luciferase reporters
d) detection of cAMP via radiolabeling
There have been a host of previous studies that have expressed and studied
olfactory receptors in native and heterologous systems (see Table 1). However, to date
there has not been a case where olfactory receptors have been overexpressed and shown
to be functionally purified. While purification attempts have been made in bacterial and
insect systems, these organisms lack mammalian post-translational machinery and thus
purified receptors may be missing critical modifications. It is known that most, if not all,
GPCRs are glycosylated, and indeed the olfactory receptors have conserved N-linked
glycosylation sites (Asn-X-Ser/Thr) at their N-terminus [24-26]. Several studies have
indicated that loss of glycosylation can lead to improper folding and targeting, resulting
in decreased function and compromised structure [25, 27, 28]. Loss of either N-terminal
glycosylation site (Asn-2 or Asn-15) of rhodopsin is sufficient to cause loss of signal
transduction despite no apparent change in localization or folding [29, 30]. This indicates
that purification of olfactory receptors from mammalian expression systems might be
crucial for functional expression and purification.
Table 1 - Summary of previous OR expression methods
Expression System: Functionality: Purification: Reference(sh
1acteria (E. Coli) Not measured 6x-His [31-33]
Insect (Sf9) Measured by No [34]
radiolabeled cAMP
Insect (Sf9) Not measured 6x-His / [35-37]
FLAG
Xenopus Oocyte Voltage clamp No [38-41]
Olfactory Epithelium Measured by [Ca2+] No [1, 42-46]
influx
Mammalian (COS- 1) Measured by [Ca2+] No [41, 47]
influx
Mammalian (HeLa) Measured by [Ca2+] No [48]
influx
Mammalian Measured by [Ca2+] No [2, 39, 41, 43, 47,
(HEK293) influx 49-52]
Mammalian Measured by CRE- No [53]
(HEK293) responsive luciferase
There have been numerous reports in the literature citing difficulties in expressing
functional olfactory receptors in heterologous systems [54]. This problem stems from
improper membrane targeting and resulting cytoplasmic localization of the majority of
ORs [27, 55-57]. A recent study by Saito et. al. [53] discovered several genes exclusively
expressed in olfactory neurons that dramatically increased OR expression levels and
membrane targeting when co-transfected with olfactory receptors into heterologous
mammalian expression systems. These were genes were dubbed RTPs (Receptor
Targeting Proteins).
.2 Detergent Solubilization
When purifying and studying integral membrane proteins, it is essential to select
optimal detergents and surfactants that efficiently solubilize receptors from cell
membrane and also maintain protein stability and allow high concentrations of receptor
without protein aggregation and precipitation [59]. When detergents are used at
concentrations above their critical micelle concentration (CMC), they form micelles
which can disrupt cellular lipid bilayers and extract membrane proteins (Figure 1.4A) In
this thesis we performed a full spectrum detergent screen that included representatives
from the non-ionic, zwitter-ionic, polar, and ionic detergent classes (Figure 1.4B).
1.3 Inducible Cell Lines
Initial OR expression trials in HEK293S cells using transient transfections had
several disadvantages for large-scale protein purification: i) the transfection alone caused
significant cellular toxicity; ii) a significant fraction of the cells remain untransfected and
do not produce OR; iii) the cost of transfection reagents required for milligram-scale
production would be prohibitive. One solution is to generate cell lines which have a
stable copy of the OR gene integrated into the genome, maintained by drug selection.
However, this would result in constant production of the OR protein, which we know to
have toxic effects. Additionally, harvesting cells with constitutive production would yield
OR protein at various stages of degradation by the cell, leading to inhomogeneity and
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Figure 1.4 - Detergent Solubilization. (A) Depiction of detergent extraction membratie
pioteins from native lipid bilayers. Detergent is introduced at a concentration above its
CMC so that detergent micelles break up the cell membrane (left). Solubilized membrane
proteins will have their hydrophobic portions coated with detergent monomers, such that
integral membrane proteins (such as ORs) will have a "belt" of solubilizing detergent
surrounding their transmembrane area (right). Reprinted from [59] with permission fronm
Elsevier, @2003. (B) Molecular structure of several representatives of different detergent
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Figure 1.5 - Diagram of the T-REx tetracycline-inducible system. (A) The
pcDNA6/TR plasmid (blasticidin resistance) expresses the tetR protein, which forms
homodimers. (B) The gene of interest is inserted into the pcDNA4/To plasmid (zeocin
resistance) and expression is repressed by tetR homodimers binding to TetO sites present
in the CMV promoter. (C) Upon addition, tetracycline binds to tetR homodimers. (D) The
resulting conformational change of tetracycline-bound tetR homodimers causes them to
release from the TetO2 sites, which causes derepression and expression of the gene of
interest from upstream CMV promoter.
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functionally compromised receptor. Therefore we used the tetracycline-inducible T-REx
system [60] from Invitrogen (see Figure 1.5) to construct cell lines in which production
of OR could be initiated on demand. Thus the cells can be grown to the desired
concentration and, when desired, production of fresh OR triggered by the addition of
tetracycline (a so called "tet ON" system). Such a system is advantageous as it is cheap
(no further transfection required) and efficient (100% of the cells will express OR).
1.4 Bioreactor Culture
Although a confluent 150 mm tissue culture plate can contain 50-70 million
HEK293S cells, the low levels of expression seen for most membrane proteins result in a
yield of tens of micrograms of GPCR per plate, and even less following subsequent
purification. Therefore, in order to obtain milligram levels of a GPCR using mammalian
cell culture, hundreds of tissue culture plates would be required, and such experiments
would be both extremely time consuming and expensive to perform. One solution is the
use of liquid bioreactors to culture mammalian cells in suspension. For instance the
suspension-adapted HEK293 cell line (HEK293S) can achieve cell densities in excess of
5 million cells per milliliter in suspension culture [61], and thus one liter of bioreactor
medium can contain the cellular equivalent of 100 tissue culture plates.
A bioreactor is essentially a self-regulating sterile fluid chamber (see Figure 1.6).
In my research I used the Celligen Plus stirred-tank bioreactor (New Brunswick
Scientific). A 4-gas mixture (Air, N2, 02, C0 2 ) is bubbled through the media and the
mixture automatically adjusted to regulate the pH and dissolved oxygen content. A
Figure 1.6 - Bioreactor operation. (A) The Celligen Plus liquid bioreactor during a
suspension culture run. (B) Close-up of reactor vessel showing sensors, impeller, and gas
sparge. (C) Bottle equipped with a sterile siphon system to aseptically add liquid to the
reactor vessel. (D) Cell suspension harvested after a successful bioreactor run.
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circulating external water jacket maintains culture temperature (37"C). The cells are kept
cells in suspension by an impeller blade that rotates throughout the run and breaks up
chumps. The reactor housing has four inlet ports for the sterile addition or of solutions or
cell suspensions to the reactor, as well as one total drain line in order to evacuate the
vessel. For general operation and set-up of the bioreactor, please see [62].
1.5 Circular Dichroism Spectroscopy
Circular dichroism (CD) spectroscopy can be used to characterize molecules ini
solution based on their differential absorption of circularly polarized light [63, 64]. In
contrast to linearly polarized light, where the electric field vector component only
oscillated in one plane, in circularly polarized light this electric field vector has constant
magnitude and rotates in a circle about the direction of propagation. Thus as the light
moves through space, the electric field vector forms a helix, which can either be left-
handed (left circularly polarized) or right-handed (right circularly polarized). For an
excellent depiction of circularly polarized light, see [65]. As this light is "handed" (or
chiral), it will preferentially be absorbed by chiral molecules. To obtain a CD spectrum,
equal amounts of left- and right-handed circularly polarized light are applied to a solution
containing chiral molecules, and the differential absorption is measured with respect to
wavelength.
Chiral biomolecules such as nucleic acids, peptides, and proteins can be analyzed
in one of several methods [66]. To obtain secondary structure, the far-ultraviolet (190-
250 nm) region of the spectrum can be used to estimate the fraction of alpha-helix, beta-
sheet, and random coil present in a protein [67], as all these structures have characteristic
spectra (Figure 1.7). This technique has been successfully applied not only to soluble
proteins but detergent-solubilized membrane proteins as well [68, 69]. As olfactory
receptors possess seven alpha-helical transmembrane domains, their far-UV CD spectra
should be dominated by the 208 nm and 222 nm peaks. To obtain information on tertiary
structure, the near-UV (250-300 nm) range can be analyzed, although this requires a
much higher protein concentration as the absorption signals are quite weak compared to
secondary structures. Signals in the near-UV range are due to highly structured aromatic
amino acids and disulfide bonds as well as their surrounding environment [70]. One
disadvantage to near-UV CD is that, unlike far-UV, spectra cannot be quantified and
assigned to any particular structure. Thus, it is only useful if one compares related
spectra, such as mutations or denatured versions of the same protein.
8e + 4 - 1 - a-helix
2 - Antiparallel p
6e + 4 - 3 - Extended
4 - Collagen (triple helix)
5 4e + 4 - 5 - Collagen (denatured)
E
0Em 2e + 4 -
Oe+
Oe + 0
-2e + 4 -5 2
-4e + 43
-6e + 4,
190 200 210 220 230 240 250
Wavelength, nm
Figure 1.7 - Far-UV circular dichroism spectra characteristic of the major protein
secondary structures. Secondary structures shown are alpha-helix (1), beta-sheet (2),
random coil (3), coiled coil (4), and fully denatured (5). Reprinted from [67] with
permission from Macmillan Publishers Ltd, C2006.
L6 Surface Plasmon Resonance
Surface plasmon resonance (SPR) is a proven method to analyze molecular
interactions in real time. For a review of SPR principles and analysis, please see [71, 72].
A major advantage of the system is that it is label-free, meaning none of the analytes
need to be modified with such additions as fluorophores. The assay relies on the
phenomena that under total reflection conditions, polarized light bouncing off a glass-
liquid interface will produce an electrical field in the liquid (called an evanescent field).
If the glass-liquid interface is coated with a thin layer of gold, the evanescent field will
interact with gold electrons and produce a surface plasmon (a charge density wave). At a
critical angle (called the SPR angle), energy transfer between the plasmon and evanescent
field occurs, causing an intensity minimum in the reflected light. The SPR angle varies
with the index of refraction of the liquid near the gold surface (within about 200 nm) due
to this energy coupling, and thus changes in mass bound or near the surface will cause
changes in the SPR angle [73]. Flowing molecules past the detector and constantly
measuring the shifts in SPR angle as a function of time gives an SPR data readout, called
a sensorgram.
When studying receptor-ligand interactions, the receptor can be immobilized onto
the SPR chip surface using any of several methods such as via covalent amine-coupling
to a gold-linked dextran matrix. A mobile ligand is then injected and run along the flow
cell, whereupon binding to receptor causes a change in the local index of refraction and a
resulting shift in the SPR angle (Figure 1.8A) [74]. The resulting sensorgram displays
several phases (Figure 1.8B): i) an association phase dependent on kinetics (ko11), ii) a
steady-state which depends on the dissociation constant (Kd), and, after the ligand is no
longer applied, iii) a dissociation phase depending on kinetics (koff). By analyzing
sensorgrams from multiple concentrations of ligand it is possible to estimate these rate
constants [75]. The technique has already been applied to several GPCRs including a2-
adrenergic receptor [76], neurotensin receptor [77], and the CCR5 and CXCR4
chemokine receptors [78]. While the ligands for these receptors are large polypeptides,
Other studies have been able to detect the mass increase associated with the binding of
molecules as small as 200 Daltons [79]. As most odorants are in this range, the use of the
latest SPR machines like the Biacore'" T100 (sensitive to less than 0.1 pg/mm2) has a

























Figure 1.8 - Overview of surface plasmon resonance (SPR). (A) Diagram of an SPR
biosensor surface. Binding interactions of the soluble ligand with immobilized protein is
detected via a change in the SPR angle. (B) Resulting sensorgram readout of the
experiment in part A. Sample injection results in association and steady state phases. A
dissociation phase results when ligand is no longer injected. Reprinted from [74] with
permission from Elsevier, 02007.
-.- A - - ------- .. ........ . ............ - - - - ........ . ...................
17 References
1. Malnic, B., et al., Combinatorial receptor codesfor odors. Cell, 1999. 96(5): p.
713-23.
2. Gaillard, I., et al., A single olfactory receptor specifically binds a set of odorant
molecules. Eur J Neurosci, 2002. 15(3): p. 409-18.
3. Laska, M., et al., Detecting danger--or just another odorant? Olfactory sensitivity
for the fox odor component 2,4,5-trimethylthiazoline in four species of mammals.
Physiol Behav, 2005. 84(2): p. 211-5.
4. Buck, L. and R. Axel, A novel multigene family may encode odorant receptors: a
molecular basisfor odor recognition. Cell, 1991. 65(1): p. 175-87.
5. Breer, H., Olfactory receptors: molecular basis for recognition and
discrimination of odors. Anal Bioanal Chem, 2003. 377(3): p. 427-33.
6. Crasto, C., M.S. Singer, and G.M. Shepherd, The olfactory receptorfamily album.
Genome Biol, 2001. 2(10): p. REVIEWS1027.
7. Niimura, Y. and M. Nei, Evolution of olfactory receptor genes in the human
genome. Proc Natl Acad Sci U S A, 2003. 100(21): p. 12235-40.
8. Malnic, B., P.A. Godfrey, and L.B. Buck, The human olfactory receptor gene
family. Proc Natl Acad Sci U S A, 2004. 101(8): p. 2584-9.
9. Gilad, Y., et al., Human specific loss of olfactory receptor genes. Proc Natl Acad
Sci U S A, 2003. 100(6): p. 3324-7.
10. Zhang, X. and S. Firestein, The olfactory receptor gene superfamily of the mouse.
Nat Neurosci, 2002. 5(2): p. 124-33.
11. Godfrey, P.A., B. Malnic, and L.B. Buck, The mouse olfactory receptor gene
family. Proc Natl Acad Sci U S A, 2004. 101(7): p. 2156-61.
12. Olender, T., et al., The canine olfactory subgenome. Genomics, 2004. 83(3): p.
361-72.
13. Zhao, H. and S. Firestein, Vertebrate odorant receptors. Cell Mol Life Sci, 1999.
56(7-8): p. 647-59.
14. Olender, T., et al., The olfactory receptor universe--from whole genome analysis
to structure and evolution. Genet Mol Res, 2004. 3(4): p. 545-53.
15. Ebrahimi, F.A. and A. Chess, Olfactory G proteins: simple and complex signal
transduction. Curr Biol, 1998. 8(12): p. R431-3.
16. Mombaerts, P., Seven-transmembrane proteins as odorant and chemosensory
receptors. Science, 1999. 286(5440): p. 707-11.
17. Schild, D. and D. Restrepo, Transduction mechanisms in vertebrate olfactory
receptor cells. Physiol Rev, 1998. 78(2): p. 429-66.
18. Chess, A., et al., Allelic inactivation regulates olfactory receptor gene expression.
Cell, 1994. 78(5): p. 823-34.
i 9. Young, J.M. and B.J. Trask, The sense of smell: genomics of vertebrate odorant
receptors. Hum Mol Genet, 2002. 11(10): p. 1153-60.
20. Touhara, K., Odor discrimination by G protein-coupled olfactory receptors.
Microsc Res Tech, 2002. 58(3): p. 135-41.
21. Mombaerts, P., Molecular biology of odorant receptors in vertebrates. Annu Rev
Neurosci, 1999. 22: p. 487-509.
22. Oka, Y., et al., Olfactory receptor antagonism between odorants. Embo J, 2004.
23(1): p. 120-6.
23. Reed, R.R., After the holy grail: establishing a molecular basis for Mammalian
olfaction. Cell, 2004. 116(2): p. 329-36.
24. Liu, A.H., et al., Motif-based construction of afunctional map for mammalian
olfactory receptors. Genomics, 2003. 81(5): p. 443-56.
25. Katada, S., M. Tanaka, and K. Touhara, Structural determinantsfor membrane
trafficking and G protein selectivity of a mouse olfactory receptor. J Neurochem,
2004. 90(6): p. 1453-63.
26. Zozulya, S., F. Echeverri, and T. Nguyen, The human olfactory receptor
repertoire. Genome Biol, 2001. 2(6): p. RESEARCHOO18.
27. Gimelbrant, A.A., S.L. Haley, and T.S. McClintock, Olfactory receptor
trafficking involves conserved regulatory steps. J Biol Chem, 2001. 276(10): p.
7285-90.
28. Jayadev, S., et al., N-linked glycosylation is required for optimalAT la
angiotensin receptor expression in COS-7 cells. Endocrinology, 1999. 140(5): p.
2010-7.
29. Kaushal, S., K.D. Ridge, and H.G. Khorana, Structure andfunction in rhodopsin:
the role of asparagine-linked glycosylation. Proc Natl Acad Sci U S A, 1994.
91(9): p. 4024-8.
30. Zhu, L., et al., A naturally occurring mutation of the opsin gene (T4R) in dogs
affects glycosylation and stability of the G protein-coupled receptor. J Biol Chen,
2004. 279(51): p. 53828-39.
31. Kiefer, H., R. Vogel, and K. Maier, Bacterial expression of G-protein-coupled
receptors: prediction of expression levels from sequence. Receptors Channels,
2000. 7(2): p. 109-19.
32. Kiefer, H., K. Maier, and R. Vogel, Refolding of G-protein-coupled receptors
from inclusion bodies produced in Escherichia coli. Biochem Soc Trans, 1999.
27(6): p. 908-12.
33. Kiefer, H., et al., Expression of an olfactory receptor in Escherichia coli:
purification, reconstitution, and ligand binding. Biochemistry, 1996. 35(50): p.
16077-84.
34. Raming, K., et al., Cloning and expression of odorant receptors. Nature, 1993.
361(6410): p. 353-6.
35. Nekrasova, E., et al., Overexpression, solubilization and purification of rat and
human olfactory receptors. Eur J Biochem, 1996.238(1): p. 28-37.
36. Gat, U., et al., Olfactory receptor proteins. Expression, characterization and
partial purification. Eur J Biochem, 1994. 225(3): p. 1157-68.
37. Breer, H., et al., Expression and functional analysis of olfactory receptors. Ann N
Y Acad Sci, 1998. 855: p. 175-8 1.
38. Yasuoka, A., Y. Emori, and K. Abe, Addition of signal leader sequences to the N-
termini of olfactory receptor proteins enhances their expression in Xenopus
oocytet. Biosci Biotechnol Biochem, 2000. 64(8): p. 1688-95.
39. Wetzel, C.H., et al., Specificity and sensitivity of a human olfactory receptor
functionally expressed in human embryonic kidney 293 cells and Xenopus Laevis
oocytes. J Neurosci, 1999. 19(17): p. 7426-33.
40. Wetzel, C.H., et al., Functional expression and characterization of a Drosophila
odorant receptor in a heterologous cell system. Proc Natl Acad Sci U S A, 2001.
98(16): p. 9377-80.
41. Katada, S., et al., Odorant response assays for a heterologously expressed
olfactory receptor. Biochem Biophys Res Commun, 2003. 305(4): p. 964-9.
42. Touhara, K., et al., Functional identification and reconstitution of an odorant
receptor in single olfactory neurons. Proc Natl Acad Sci U S A, 1999. 96(7): p.
4040-5.
43. Kajiya, K., et al., Molecular bases of odor discrimination: Reconstitution of
olfactory receptors that recognize overlapping sets of odorants. J Neurosci, 2001.
21(16): p. 6018-25.
44. Ivic, L., et al., Intracellular trafficking of a tagged and functional mammalian
olfactory receptor. J Neurobiol, 2002. 50(1): p. 56-68.
45 Bozza, T., et al., Odorant receptor expression defines functional units in the
mouse olfactory system. J Neurosci, 2002. 22(8): p. 3033-43.
46. Araneda, R.C., et al., A pharmacological profile of the aldehyde receptor
repertoire in rat olfactory epithelium. J Physiol, 2004. 555(Pt 3): p. 743-56.
47. Levasseur, G., et al., Ligand-specific dose-response of heterologously expressed
olfactory receptors. Eur J Biochem, 2003. 270(13): p. 2905-12.
48. Shirokova, E., et al., Identification of specific ligands for orphan olfactory
receptors. G protein-dependent agonism and antagonism of odorants. J Biol
Chem, 2005. 280(12): p. 11807-15.
49. Wellerdieck, C., et al., Functional expression of odorant receptors of the
zebrafish Danio rerio and of the nematode C. elegans in HEK293 cells. Chem
Senses, 1997. 22(4): p. 467-76.
50. Zhang, Y., et al., The Caenorhabditis elegans seven-transmembrane protein
ODR-10 functions as an odorant receptor in mammalian cells. Proc Nati Acad
Sci U S A, 1997. 94(22): p. 12162-7.
51. Zhao, H., et al., Functional expression of a mammalian odorant receptor.
Science, 1998. 279(5348): p. 237-42.
52. Krautwurst, D., K.W. Yau, and R.R. Reed, Identification of ligandsfor olfactory
receptors byfunctional expression of a receptor library. Cell, 1998. 95(7): p. 917-
26.
53. Saito, H., et al., RTP family members induce functional expression of mammalian
odorant receptors. Cell, 2004. 119(5): p. 679-9 1.
54. Murrell, J.R. and D.D. Hunter, An olfactory sensory neuron line, odora, properly
targets olfactory proteins and responds to odorants. J Neurosci, 1999. 19(19): p.
8260-70.
55. Lu, M., et a., Endoplasmic reticulum degradation impedes olfactory G-protein
coupled receptorfunctional expression. BMC Cell Biol, 2004. 5(1): p. 34.
56. Lu, M., F. Echeverri, and B.D. Moyer, Endoplasmic reticulum retention,
degradation, and aggregation of olfactory G-protein coupled receptors. Traffic,
2003. 4(6): p. 416-33.
57. Gimelbrant, A.A., et al., Truncation releases olfactory receptorsfrom the
endoplasmic reticulum of heterologous cells. J Neurochem, 1999. 72(6): p. 230 1-
11.
58. Bowie, J.U., Stabilizing membrane proteins. Curr Opin Struct Biol, 2001. 11(4):
p. 397-402.
59. Caffrey M. Membrane protein crystallization. J Struct Biol. 2003 Apr;142(1): 108-
32.
60. T-REx system user manual. Version F. Febrauary 2006. Invitrogen.
61. Reeves, P.J., J.M. Kim, and H.G. Khorana, Structure andfunction in rhodopsin: a
tetracycline-inducible system in stable mammalian cell lines for high-level
expression of opsin mutants. Proc Natl Acad Sci U S A, 2002. 99(2 1): p. 13413-8.
62. Celligen Plus Guide to Operations. Manual No. M1228-0050, Revision X.
November 2000. New Brunswick Scientific.
63. Woody RW. Circular dichroism. Methods Enzymol. 1995;246:34-7 1.
64. http://www.enzim.hu/~szia/cddemo/edemol .htm
65. Greenfield NJ. Methods to estimate the conformation of proteins and polypeptides
from circular dichroism data. Anal Biochem. 1996 Mar 1;235(1): 1-10.
66. Adler AJ, Greenfield NJ, Fasman GD. Circular dichroism and optical rotatory
dispersion of proteins and polypeptides. Methods Enzymol. 1973;27:675-735.
67. Greenfield NJ. Using circular dichroism spectra to estimate protein secondary
structure. Nat Protoc. 2006;1(6):2876-90.
68. Wallace BA, Lees JG, Orry AJ, Lobley A, Janes RW. Analyses of circular
dichroism spectra of membrane proteins. Protein Sci. 2003 Apr;12(4):875-84.
69. Sreerama N, Woody RW. On the analysis of membrane protein circular dichroism
spectra. Protein Sci. 2004 Jan; 13(1):100-12.
10. http://www.ap-lab.com/circular dichroism.htm
71. Homola J, Yee SS & Gauglitz G. Surface plasmon resonance sensors: review.
Sensors and Actuators B: Chemical. 1999 Jan;54(1):3-15.
72. Pattnaik P. Surface plasmon resonance: applications in understanding receptor-
ligand interaction. Appl Biochem Biotechnol. 2005 Aug;126(2):79-92.
73, Englebienne P, Hoonacker AV & Verhas M. Surface plasmon resonance:
principles, methods and applications in biomedical sciences. Spectroscopy. 2003
17:255-273.
74. Nguyen B, Tanious FA, Wilson WD. Biosensor-surface plasmon resonance:
quantitative analysis of small molecule-nucleic acid interactions. Methods. 2007
Jun;42(2):150-61.
75. Nice EC, Catimel B. Instrumental biosensors: new perspectives for the analysis of
biomolecular interactions. Bioessays. 1999 Apr;21(4):339-52.
76. Sen S, Jaakola VP, Pirili P, Finel M, Goldman A. Functional studies with
membrane-bound and detergent-solubilized alpha2-adrenergic receptors
expressed in Sf9 cells. Biochim Biophys Acta. 2005 Jun 15;1712(1):62-70.
77. Stenlund P, Babcock GJ, Sodroski J, Myszka DG. Capture and reconstitution of G
protein-coupled receptors on a biosensor surface. Anal Biochem. 2003 May
15;316(2):243-50.
78, Harding PJ, Hadingham TC, McDonnell JM, Watts A. Direct analysis of a GPCR-
agonist interaction by surface plasmon resonance. Eur Biophys J. 2006
Oct;35(8):709-12.
79. Rich RL, Hoth LR, Geoghegan KF, Brown TA, LeMotte PK, Simons SP, Hensley
P, Myszka DG. Kinetic analysis of estrogen receptor/ligand interactions. Proc




1.1 Overview of PCR-based gene synthesis
The initial stage of the project will be the construction of selected olfactory
receptor gene constructs and insertion into specific expression plasmids. For this I chose
the method of polymerase construction and amplification (PCA). This utilized a PCR-
based method of gene synthesis [1] that involves parsing the gene sequence into a set of
small overlapping oligonucleotides. During an initial assembly PCR, these oligos
function as both primer and template, while the DNA polymerase successively builds
longer and longer fragments with each round of PCR. A second amplification PCR then
enriches for the full-length gene. For a detailed illustration of the mechanism of PCl-
based gene synthesis, please see Figure 2.1.
To assist in parsing the sequence into oligos, I used the online program
DNAWorks (http://helixweb.nih.gov/dnaworks) developed by Hoover and Lubkowski
[2]. The amino acid sequence of each olfactory receptor was obtained from GenBank and
directly inputted into the software. To adapt the gene for use in specific expression
systems and to facilitate purification and detection, the following sequence modifications
were made using the DNAWorks software:
a. Codon optimization for expression system of interest
b. Addition of N-terminal and C-terminal tags (along with glycine linkers and
signal cleavage sequences) for purification and detection
c. Addition of ribosome binding sites (Kozak / Shine-Delgarno sequences) at 5'
end of gene
d. Addition of flanking restriction sites for cloning into expression vector
A number of N-terminal and C-terminal sequence tags were tested, including
FLAG and 6x-His (see Appendix A.2). Initially, we focused on the purification tag
utilized by the Khorana lab for rhodopsin, namely the nine C-terminal amino acid
sequence (TETSQVAPA) for which a specific antibody has been generated (rholD4).
This tag has already facilitated early-stage immunoaffinity purifications of other several
other membrane proteins [3, 4].
There have been numerous reports in the literature citing difficulties in expressing
functional olfactory receptors in heterologous systems. The main problem seems to be
improper membrane targeting and resulting cytosolic localization of the majority of ORs
[5-8]. Several studies have been able to alleviate this problem by the addition of putative
membrane import signals to the N-terminus of the olfactory receptor [9, 10]. However,
more recent studies [11, 12] have managed to express functional olfactory receptors in
HJEK293 cells without the use of such signal tags. We decided to also investigate whether
these putative import sequences could improve expression in the olfactory receptors
studied.
Figure 2.1 - Overview of PCR-based Gene Assembly
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2.2 Selection of OR Genes for Construction
To select genes for study, we took the subset of ORs with known ligand
specificity and selected a small group that represented the diversity of olfactory receptors
(both genetically and in the class of odorants they respond to) and that also showed
strong homology across the well-studied mammalian OR families (canine, mouse,
htuman). The following list of candidate OR genes contains members of both Class I and




Figure 2.2 - Olfactory receptor phylogenetic tree: Receptors boxed in green have had
synthetic genes constructed using PCA. The receptor boxed in red, hOR17-4, was the
candidate receptor chosen for subsequent expression and large-scale purification. The
grayed top quadrant of the tree consists of Class I (fish-like) receptors. Reprinted with
permission from [13], ©2004, National Academy of Sciences, U.S.A.
Human hOR17-4 receptor (also known as OR1D2)
This is the second human olfactory receptor for which ligand specificity has been
studied. This receptor is unique in that it is expressed in sperm and appears to govern the
sperm's ability to "home in" on the egg. It has been shown to respond to bourgeonal [14-







Figure 2.3 - Partial odorant ligand spectrum for hOR17-4. The hOR17-4 receptor
was transiently expressed on HEK293 cells and odorant responses measured by calcium
imaging. Active compounds, such as bourgeonal, were aromatic with an aldehyde group(usually two carbons away from the aromatic ring) and a carbohydrate group in the para
position. Undecanal was found to be a receptor antagonist. From [16], reprinted with
permission from AAAS, C2003.
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Mouse IG7 receptor (also known as mOR276-1)
This receptor shows a high response to limonene [9], a well-studied aromatic
alkene (hydrocarbon) from citrus fruits that is highly used in industry. The mouse
receptor is 88% identical to its human ortholog, hOR2V 1.
Mouse S51 receptor (also known as mOR40-1)
This receptor is a member of the "fish-like" Class I olfactory receptor family. It
has been shown to respond to a range of aliphatic carboxylic acids and alcohols [17]. The
mouse receptor is 85% identical to its human ortholog, hOR56A5.
Mouse 17 receptor (also known as mOR103-15)
This Class I receptor has been highly studied in both rat and mouse, and shows
90% identity with its human ortholog, hOR6A2. It is highly responsive to aliphatic
aldehydes, such as octanal and heptanal [9, 18].
Mouse M71 receptor (also known as mOR71-2)
This receptor shows specificity for acetophenone [19], an aromatic ketone.
Acetophenone is highly used in the perfuming and flavoring industries for such odors as
strawberry and jasmine. The mouse receptor shows 85% identity to its human ortholog
hOR8A1.
Mouse OR73 receptor (also known as mOR-EG and mOR174-9)
This receptor shows specificity for eugenol [20], an aromatic alcohol / ester.
Eugenol has a spiced clove and cinnamon odor and is widely used in industry. The mouse
receptor is 82% identical to its human ortholog hOR5D 18.
Mouse IC6 receptor (also known as mOR118-1)
This receptor shows specificity for the (-) stereoisomer of citronellal [9], a
letion-scented monoterpenoid, which is often used as an insect repellant. The mouse
receptor is 81% identical to its human ortholog hOR6E1P.
Mouse OR23 (also known as mOR267-13)
This is the mouse homolog to human olfactory receptor 17-4, in that it is
expressed in mouse sperm and mediates chemoattraction. It has been shown to respond to
the bourgeonal-like odorant lyral [21]. It is 39% identical to hOR17-4 and 87% identical
to hOR1OJ5.
Nematode ODR-10 receptor
A well studied olfactory receptor in the worm (C. elegans) which has been shown
to have high specificity for diacetyl [22-24], an aliphatic ketone. This receptor is shows
little homology to mammalian receptors.
2.3 Fabrication of the hOR17-4-rho synthetic gene
Methods
To adapt the genes for use in mammalian cell expression and purification, the
following sequence modifications were made using the DNAWorks software:
i. Human codon optimization (for HEK293S cells)
ii. Addition of C-terminal rholD4 epitope tag "TETSQVAPA" (preceded
by a two glycine linker) to facilitate purification
iii. Addition of NotI restriction site at the 3' end of gene
iv. Addition of EcoRI restriction site and Kozak sequence (eukaryotic
ribosome binding site) at the 5' end of gene
The designed oligos (Table 2) were purchased from IDT (Coralville, IA) with a
maximum length of 45 bp. The assembly PCR was run for a variable number of cycles
using a mixture of all oligos at a concentration of 25 nM each. The amplification PCR
was run for 30 cycles using 1 [tL of the assembly PCR (in a total reaction volume of 50
[tL) and each end oligo at a concentration of 300 nM each. PCR reactions were then
analyzed by gel electrophoresis and stained with ethidium bromide. Full-length product
was excised, extracted, and then digested with the pertinent restriction enzymes. The
genes were then ligated into the pcDNA4/To expression plasmid (Invitrogen), sequenced,
and a correct clones grown up using a MaxiPrep kit (Qiagen, Valencia, CA).



















































Table 2 - Primers used for the PCR-based synthesis of the engineered hOR17-4-rho
gene. A total of 50 oligonucleotides were used to construct the synthetic gene (25 sense
strand oligos, labeled S 1-25) and 25 anti-sense strand oligos, labeled AS 1-25).
Results
Default protocols for PCR-based gene assembly suggest 20-30 cycles in the
assembly reaction to be sufficient for the synthesis of genes up to and beyond 1 kb [2].
However, all of our initial trials using these parameters proved unsuccessful. We
hypothesized that, due to possible inefficiencies in oligo gene assembly, more cycles
might be necessary to fully elongate the oligo templates. Indeed, we then discovered that
the critical parameter governing the success of our PCR-based gene assemblies to be the
number of PCR cycles in the initial assembly reaction. As can be seen in Figure 2.4, the
1st PCR (assembly) 2nd PCR (amplification)
#cycles in
1 st PCR rxn:- god
Figure 2.4 - Fabrication of custom hOR17-4-rho gene. Increasing cycles in 1st PCR
generate longer assembly products and ultimately enable amplification of full-length OR
gene in 2nd PCR. Lane 1 is DNA standards - the bands (from the bottom) are 250, 500,
750, and 1000 bp.
11 .... .. .... .... . ...... ..... . .. ........ .......... - A: ' - - - n - - ...... . . .  .... . ... .  .... .  .... ....
largest species visible in the assembly reaction "smear" increased with number of cycles,
and full-length product (~1 kb) was not achieved in the amplification reaction (2nd PCR)
until 45 assembly cycles.
Subsequent to construction of our first olfactory receptor, hOR17-4-rho, eight
additional olfactory receptors (see Appendix C) were synthesized, most on the first
attempt, using our modified procedure. Additionally, we have adapted the system to
include generalized tag "modules" which can be swapped into existing oligo gene sets
using a custom linker oligo. Three additional tagged versions (R-hOR17-4, HF-hOR17-4,
and HF-hOR17-4), incorporating N-terminal "membrane import sequences" or His and
FLAG tags, have been generated to date. This demonstrates that our adapted protocol can
be generally applied to our project for the rapid fabrication of synthetic olfactory receptor
gene constructs.
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CHAPTER 3
PRODUCTION OF HOR17-4 IN
ADHERENT CELL CULTURES
NOTE: This chapter is a review and expansion ofpreviously published result:
Cook BL, Ernberg KE, Chung H, Zhang S. Study of a synthetic human olfactory
receptor 17-4: expression and purification from an inducible mammalian cell line.
PLoS ONE. 2008 Aug 6,3(8):e2920.
3,1 Abstract
In order to begin to study the structural and functional mechanisms of olfactory
receptors, methods for milligram-scale purification are required. Here we demonstrate the
production and expression of a synthetically engineered human olfactory receptor
hOR17-4 gene in a stable tetracycline-inducible mammalian cell line (HEK293S). The
OR gene was fabricated from scratch using PCR-based gene-assembly, which facilitated
codon optimization and attachment of a 9-residue bovine rhodopsin affinity tag for
detection and purification. Induction of adherent cultures with tetracycline together with
sodium butyrate led to hOR17-4 expression levels of -30 ptg per 150 mm tissue culture
plate. Fos-choline-based detergents proved highly capable of extracting the receptors, and
fos-choline-14 (N-tetradecylphosphocholine) was selected for optimal solubilization and
subsequent purification. Analysis by SDS-PAGE revealed both monomeric and dimeric
receptor forms, as well as higher MW oligomeric species. A two-step purification method
of immunoaffinity and size exclusion chromatography was optimized which enabled 0.13
milligrams of hOR17-4 monomer to be obtained at >90% purity. This high purity of
hOR17-4 is not only suitable for secondary structural and functional analyses but also for
subsequent crystallization trials. Thus, this system demonstrates the feasibility of
purifying milligram quantities of the GPCR membrane protein hOR17-4.
3.2 Introduction
Membrane proteins are of vital importance to life, as evidenced by the fact that
~-30% of the genes in almost all sequenced genomes code for membrane proteins [1-3].
However, our understanding of the structures and functions of membrane proteins has
lagged behind the known soluble proteins. As of June 2008, there are only 160 unique
membrane protein structures known [http://blanco.biomol.uci.edu/MembraneProteiris
xial.html], which constitutes less than 1% of all known protein structures. The major
bottleneck in obtaining membrane protein structures is the notorious difficulty involved
in expressing and purifying the large quantities of membrane protein sample required for
X-ray crystallography. In order to accelerate membrane protein structural and function
studies, new and simple methods for membrane protein production must be developed.
Olfactory receptors (or odorant receptors) are an extremely large class of G-
Protein Coupled Receptors (GPCRs) that function together combinatorially to allow
discrimination between a wide range of volatile molecules [4,5]. All GPCRs are integral
membrane proteins with seven transmembrane domains arranged in a barrel-like
conformation. In olfactory receptors, it is believed that this configuration forms a funnel-
shaped pocket for odorant recognition [6]. The olfactory receptor (OR) gene family
constitutes the largest single class of genes in the vertebrate genome (2-3% in the
human). Current estimates put the number of human olfactory receptor genes at 636, with
only 339 being functional and the rest being non-functional pseudogenes [7]. This is
considerably less than the mouse OR gene family of 1209 (913 functional) [8] or the
canine OR gene family of roughly 1200 (-1000 functional) [9]. Despite the fact that they
represent the largest class of known membrane proteins, no detailed structure exists for
any olfactory receptor and the functional mechanisms of these amazing receptors remains
unknown. The crucial first step to enable such pivotal studies is to engineer systems with
the capacity to generate and purify milligram quantities of an olfactory receptor.
Mammalian olfactory receptors are expressed on the cilia of olfactory neurons
within the nasal cavity. Odorant binding and recognition leads to activation and release of
the olfactory G-protein Golf, which triggers cyclic-AMP production, ion-channel-
mediated Ca2+ influx, and finally the firing of an action potential into the olfactory bulb
to be interpreted by the brain [10]. Through an unknown mechanism of allelic
inactivation, every olfactory neuron chooses a single OR gene to express. Signals from
neurons that express the same olfactory receptor later converge downstream at neural foci
called glomeruli [11]. As the same odorant will stimulate multiple ORs (and to various
strengths), the brain receives a spatial map of receptor activity through these glomeruli
[12]. Odorants are thought to be recognized by matching a specific spatial pattern (a
combinatorial code) [5].
The human olfactory receptor 17-4 (hOR17-4, alternately known as ORlD2) is of
particular interest since, in addition to olfactory neurons, it is also expressed on the
midpiece of human spermatozoa [13]. Sperm expressing hOR17-4 were found to migrate
towards known hOR17-4-responsive odorants such as bourgeonal. Thus the receptor
serves a dual role in that it recognizes odorants in the nose as well as plays a potential
role in sperm chemotaxis and fertilization. As structural studies of hOR17-4 would not
only provide information crucial to understanding the molecular mechanism(s) of
olfaction but also have application to human reproduction, we selected this receptor as
our prototype OR for expression and purification trials.
The GPCR family represents one of the most important known receptor classes as
evidenced by the fact that half of all pharmaceutical drugs target GPCRs [14]. Despite
their crucial role in mediating such diverse physiological processes as sight, smell, and
the response to hormones and neurotransmitters, extremely little is known about these
receptors at the structural level. A major breakthrough in 2007 was the determination of
only the second GPCR crystal structure - that of a highly engineered human beta2-
adrenergic receptor expressed in Sf9 insect cells where intracellular loop 3 was replaced
with either antibody or T4 lysozyme to facilitate crystallization [15, 16]. Rhodopsin is
perhaps the only GPCR that can be easily extracted from tissue, and this may explain
why it was the first GPCR to have a detailed structure determined [17-19]. However,
recent advances in the Khorana laboratory have led to the development of specific
mammalian HEK293 cell lines for heterologous expression as well as methods for
purification that yield milligram quantities of functional rhodopsin which is suitable for
functional analysis and structural study [20-22]. We recently used same rholD4-tag
system for a one-step affinity purification of the human tetraspanin membrane protein
CD81 [23]. Here we show that this system can be also adapted to facilitate the production
and purification of another GPCR, the human olfactory receptor 17-4.
In order to carry out biochemical and structural analyses of olfactory receptors as
well as engineer olfactory receptor-based biosensor devices, large quantities of receptors
are required. Here we here report inducible expression, large-scale production of human
olfactory receptor hORi7-4. We bioengineered the synthetic hOR17-4 gene into 50
oligonucleotide fragments, self-assembled them through high cycle PCR and inserted the
assembled gene into an inducible human embryonic kidney cell line (HEK293S). We
then induced its production using a combination of tetracycline and sodium butyrate.
After systematic detergent screening, the zwitter-ionic detergent fos-choline-14 (FC14)
was found to be most effective for solubilization and was subsequently used throughout
the entire solubilization and purification. To our knowledge this is the first time an
olfactory receptor has been purified from a mammalian cell line.
3.3 Results
Description of synthetic hOR17-4-rho gene
To fabricate synthetic gene constructs we utilized a PCR-based method of gene
synthesis [24] that involves parsing the DNA sequence into a set of small overlapping
oligonucleotides. During an initial assembly PCR, these oligos function as both primet
and template, while the DNA polymerase successively builds longer and longer
fragments with each round of PCR. A second amplification PCR then enriches for the
full-length gene. This process has more recently become known as PCA, or polymerase
construction and amplification. To assist in parsing the sequence into oligos, we used the
online program DNAWorks (http://helixweb.nih.gov/dnaworks) developed by Hoover
and Lubkowski [25].
The 312 amino acid sequence of wild-type human olfactory receptor hOR17-4
was obtained from GenBank and directly inputted into the software in protein mode. To
adapt the resulting gene for use in our specific expression system and to facilitate
purification and detection, the reverse-translated DNA sequence was human codon-
optimized and appended with a C-terminal rholD4 epitope tag (TETSQVAPA) [20-22].
The synthetic DNA corresponding to the hOR17-4 gene consisted of 1004 bp, encoding a
receptor protein of 323 amino acids (Figure 3.1). Other than the addition of the rholD4
tag and linker, the hOR17-4 protein sequence is wild-type and completely full length.
Noteworthy in the synthesis procedure was the requirement for a high number of PCR















































































































Figure 3.1 - Codon-optimized hOR17-4 sequence. The DNA (A) and corresponding
amino acid (B) sequence of synthetic hOR17-4 olfactory receptor gene. The DNA
sequence was human codon-optimized and a mammalian Kozak ribosome binding site
introduced upstream of the translation start site. Translation start and stop sites as well as
restriction cloning sites are indicated. The engineered construct also contains a C-
terminal tag (underlined) consisting of a glycine linker followed by a nonapeptide epitope
for the monoclonal rho ID4 antibody.
Induction of hOR17-4 expression in stable HEK293S cell lines
To minimize the toxic effects of receptor overexpression, stable hOR17-4-
inducible HEK293S cell lines were created using the Invitrogen T-REx tetracycline
regulation system (Materials and Methods). This allowed large-scale cell culture batches
to be grown and then, when desired, concerted production of fresh olfactory receptor to
be induced in nearly 100% of the cells. Results for the induction of hOR17-4 expression
in two of the subcloned HEK293 lines are shown in Figure 3.2A. Western
immunoblotting using a monoclonal antibody against the rholD4 tag revealed major
immunoreactive bands at approximately 32 kD and 60 kD, which correspond in size to
monomeric and dimeric forms of the hOR17-4 receptor. This size pattern has been
reported previously for several solubilized olfactory receptors expressed in Sf9 and
mammalian cells [26-28]. Larger molecular weight complexes were also present,
presumably due to aggregation and precipitation of the receptor. As sample boiling only
increases the precipitation, it is possible that increased temperatures (above 4*C) caused
by the electrophoresis could be causing the receptor to partially aggregate. Thus these
high MW species could be a side effect of the SDS-PAGE electrophoresis and not
originally present in the solubilized receptor fractions.
The histone deacetlyase inhibitor sodium butyrate has been demonstrated to
synergistically enhance expression when used with tetracycline-regulated systems [21].
Induction of hOR17-4 in HEK293S cells using tetracycline in conjunction with sodium
butyrate increased expression by approximately 4-5 fold over tetracycline alone at all
time points tested (Figure 3.2B). There was no detectable expression of hOR17-4 in the
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lfgure 3.2 - Induction of hOR17-4 in stable HEK293S cell lines. (A) Stable inducible
cell lines were generated in HEK293S cells using the T-REx system (Invitrogen)
expressing hOR17-4 tagged with the rholD4 tag (TETSQVAPA) at the C-terminus. The
pooled cells were then subcloned, expanded, and then tested for induction in media
supplemented with (+) or without (-) 1 pg/ml tetracycline for 48 hours. Levels of hOR17-
4 were probed via SDS-PAGE western blotting using the rho 1D4 antibody. Clones 1 and
5 showed the highest levels of induction while maintaining undetectable background
levels in the absence of tetracycline. Clone 5 was selected for all subsequent experiments.
(B) Addition of sodium butyrate enhances induced expression of hOR17-4. Inducible
HEK293 was subjected to a dosage time course using the indicated concentrations of
tetracycline and sodium butyrate. Samples were harvested, subjected to dot blot analysis
(western blot against rholD4), and the results quantified by spot densitometry
Tetracycline in conjunction with sodium butyrate increased expression by approximately
4-5 fold over tetracycline alone at all time points tested. Tetracycline was necessary to
cause induction, as no expression was detected if sodium butyrate was used alone.
Additionally, increasing tetracycline concentration to 2 jig/ml had no significant effect on
induction levels.
absence of tetracycline or with sodium butyrate alone. Significant cell toxicity and death
was observed in treatments combining tetracycline and sodium butyrate (5 mM) at the 48
and 72 hours time points. Treatment with sodium butyrate or tetracycline alone did not
show this toxicity, indicating it to be a result of the high level expression induced by the
drugs in conjunction.
. .......... ....................  - .::.::
To characterize this effect the samples were subjected SDS-PAGE analysis
(Figure 3.3A). The gel showed two monomer band sizes, approximately 30 kD and 32
kD, suggesting distinct monomer forms (and corresponding dimer forms). It is possible
these size discrepancies are due to differences in glycosylation of the receptor. Sodium
butyrate addition for 24 hours showed a very large increase in expression over
tetracycline alone, with the monomer band running at approximately 32 kD. Sodium
butyrate addition for longer periods further increased total expression, however this
caused the appearance of the additional monomer form running at 30 kD. The 48-hour
time point contained roughly equal parts of both forms while the 72 hour time point
consisted predominantly of the 30 kD form. To attempt to avoid the aforementioned
toxicity we next performed a time course using a range of sodium butyrate concentrations
(Figure 3.3B). We discovered that high levels of expression appeared to correlate with
the appearance of the 30 kD form (and correspondingly smaller dimer form) and the
observed cytotoxicity noted previously.
For subsequent purification experiments, we selected a treatment consisting of
sodium butyrate (1 mM) with tetracycline (1 ptg/ml) for 48 hours for attempts to purify
primarily the 32 kD form. However, to further compare and characterize both forms,
increasing the sodium butyrate concentration to 5 mM could be used, as relatively equal
amounts of both monomer forms would be present.
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Figure 3.3 - High-level induction correlates with a band shift of hOR17-4. (A) Time
point samples (from Figure 2) were normalized to total protein content and subjected to
SDS-PAGE western blotting against rho1D4. All lanes were treated with 1 pg/ml
tetracycline with (+) or without (-) sodium butyrate (5 mM) for the time indicated. (B)
hOR17-4-inducible HEK293S cells were subjected to a dosage time course using the
indicated concentrations of sodium butyrate. All samples were co-treated with 1 pg/ml
tetracycline. Samples were normalized to total protein content and subjected to SDS-
PAGE western blotting against rho lD4.
Purification of heterologously expressed hOR17-4
We incorporated a C-terminal rholD4-tag utilized by the Khorana lab for
rhodopsin purification and detection [20-22], namely the nine C-terminal amino acid
sequence (TETSQVAPA) against which a specific monoclonal antibody has been
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generated (rholD4). This tag has already facilitated early-stage immunoaffinity
purifications of several GPCR membrane proteins [29-32]. For the initial immunoaffinity
purification, we used CNBr-activated Sepharose 4B beads linked to the mouse
monoclonal rholD4 antibody to capture detergent solubilized receptors [21].
We first performed a small-scale purification from six 150 mm culture plates of hOR17-
4-inducible HEK293S cells. The plates were treated as to have equal amounts of the 30
kD and 32 kD bands upon harvesting (tetracycline plus 5 mM sodium butyrate, 48 hours).
Following a thorough wash procedure to remove non-specific impurities, the bound
receptors were eluted by the addition of an excess of epitope peptide (TETSQVAPA).
Fractions were subjected to SDS-PAGE followed by either western immunoblotting
(Figure 3.4A) or total protein staining using highly sensitive SYPRO-Ruby (Figure
3AB). The receptor was completely captured by the bead matrix, as no hOR17-4 was
detected in the flow through by western blot. The bound OR eluted primarily in the first
and second elution fractions. Total yield of hOR17-4 was approximately 30 pig per 150
mm plate. Mass spectrometry analysis on samples isolated from SDS-PAGE gel bands
confirmed the identity of putative monomer and dimer protein bands as hOR174
receptor (see Materials and Methods).
To expand the system to potential milligram scale, fifty 150 mm culture plates of
hOR17-4-inducible HEK293S cells were used. The plates were treated tetracycline plus 5
mM sodium butyrate, 48 hours). The total yield of hOR17-4 following immunoaffinity
purification was 1.5 milligrams. To further purify the receptor and to remove the elution
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Figure 3.4 - Immunoaffinity purification of hOR17-4. Six 150 mm tissue culture plates
of were grown to 90% confluence then induced and treated with tetracycline (1 jg/ml)
and sodium butyrate (5 mM) for 48 hours. Plates were scrape harvested, solubilized, and
the processed lysate subjected to immunoaffinity purification using rholD4 antibody
linked to sepharose beads for capture. Bound proteins were washed and then eluted using
the nonapeptide TETSQVAPA. Samples were subjected to SDS-PAGE followed by
either western immunoblotting with rholD4 antibody (A) or total protein staining with
Sypro Ruby (B). Black triangles indicate the 30 and 32 kD monomer forms. Tot, total


































Figure 3.5 - Full purification of hOR17-4 extracted from 50 x 150 mm culture plates.
(A) Size exclusion chromatography (SEC) on immunoaffinity-purified hOR17-4.
Absorbance was simultaneously recorded at 280 nm (black line, values on left axis) and
215 nm (grey line, values on right axis). The peaks indicated by numbers were pooled
and concentrated. Peak 5 consists of the elution nonapeptide from the immunoaffinity
purification. (B) Total protein staining of SEC peak fractions. Load is the original
immunoaffinity purified sample applied to the chromatography column. Peak numbers
refer to those designated in (A). Peak 3 contains monomeric hOR17-4 at >90% purity.
Total monomer yield was 2.6 jig per 150 mm culture plate.
.. ................. 
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filtration column on an Akta HPLC system. Column flow through was monitored by UV
absorption (280 nm and 215 nm) and separated into fractions by an auto-fraction
collector. As seen in Figure 3.5A, five distinct peaks were observed. The peak fractions
were then pooled, concentrated and subjected to SDS-PAGE followed by total protein
staining. As seen in Figure 3.5B, peak 3 contains monomeric hOR17-4 (>90% purity)
while earlier peaks contained largely dimeric (peak 2) and aggregated/oligomerized (peak
1) forms. Peak 4 showed no visible protein and peak 5 corresponds to the residual elution
peptide (TETSQVAPA) from the immunoaffinity purification. The final yield of purified
hOR17-4 monomer was 0.13 milligrams (2.6 pg per plate). Thus, using a two-step
procedure we have successfully obtained significant amounts of hOR17-4 in a highly
pure form.
3.4 Discussion
In this study, we successfully developed methods for the construction of inducible
mammalian cell lines that generate large quantities of olfactory receptor on demand. To
out knowledge this is the first olfactory receptor to be purified from a mammalian cell
line. Currently, we have demonstrated the production of the human olfactory receptor
hOR17-4 in a stable tetracycline-inducible human embryonic kidney cell line
(HEK293S). Expressed OR genes were fabricated from scratch using PCR-based gene
synthesis (polymerase construction and amplification, a.k.a. PCA), which facilitated
codon optimization for high level expression and attachment of affinity tags for detection
and purification. The HEK293S cells can be grown and OR expression induced in
adherent cultures (yield of -30 micrograms/I 50-mm plate). Using methods originally
adapted from the production and purification of the GPCR rhodopsin [20-22] and further
optimized (including the full-spectrum screening of over 70 detergents), the olfactory
receptor is solubilized and extracted from the cells using fos-choline-14. The OR protein
is then isolated using a two-step purification method (immunoaffinity followed by size-
exclusion chromatography) which yields hOR17-4 monomer at greater than 90% purity
(Figure 3.5B).
There have been a host of previous studies that have expressed and studied
olfactory receptors in native and heterologous systems. However, to date there has not
been a case where olfactory receptors have been overexpressed and purified to
homogeneity in significant quantities. While purification of ORs has been attempted in
bacterial [33] and Sf9 insect systems [26-27], these were unable to produce large
quantities of native full-length olfactory receptor. Additionally, these organisms lack
mammalian post-translational machinery and thus purified receptors may be improperly
folded or missing critical modifications. It is known that most, if not all, GPCRs are
glycosylated, and indeed the olfactory receptors have conserved N-linked glycosylation
sites (Asn-X-Ser/Thr) at their N-terminus [34-35]. Several studies have indicated that loss
of glycosylation can lead to improper folding and targeting, resulting in decreased
function and compromised structure [36-37]. Loss of either N-terminal glycosylation site
(Asn-2 or Asn-15) of rhodopsin is sufficient to cause loss of signal transduction despite
no apparent change in localization or folding [38-39]. This indicates that purification of
olfactory receptors from mammalian systems might be crucial for functional expression
and purification.
Characterization of purified hOR17-4
It is interesting to note that the engineered hOR1 7-4-rho protein (with theoretical
molecular mass of 36.2 kD) migrates slightly faster than expected on SDS-PAGE gels
(30 kD and 32 kD). One possible explanation for this discrepancy is incomplete receptor
denaturation by SDS since boiling the samples results in aggregation. Indeed, many other
membrane proteins have been found to migrate faster than their actual size on SDS-
PAGE, and this has been reported for other olfactory receptors as well [27, 33]. We
believe both monomer forms of the expressed hOR17-4 receptor to be intact, full-length
proteins as evidenced by: 1) detection by the C-terminal rho lD4 monoclonal antibody, 2)
detection by custom anti-hOR17-4 polyclonal antibodies raised against the hOR17-4 N-
terminus or C-terminus, 3) detection of a 30 kD N-terminally 6xHis-tagged hOR17-4
variant using anti-His antibodies (data not shown). Additionally, we see only the 32 kD
form at low levels of induction while the 30 kD form only begins to appear at higher
levels of induction. One explanation is that the receptor is glycosylated at low induction
but that the toxicity associated with higher expression causes the receptor to begin to
accumulate in the ER and not be properly processed.
The appearance of two distinct hOR17-4 monomer bands following purification
could pose a problem for structural studies using X-ray crystallography, since typically a
high degree of protein homogeneity is required for protein crystallization. We initially
believed that it was possible to obtain primarily 32 kD form using lower levels of
induction (Figure 3.3B). However, we have observed that the rholD4 immunoaffinity
purification appears to increase the proportion of 30 kD monomer form relative to 32 kD
form given the original treatment. For example, the treatment dosages for the small-scale
(Figure 3.4) and large-scale (Figure 3.5) purifications were chosen (based on data in
Figure 3.3b) to result in equal amounts of both forms or primarily 32 kD form,
respectively. However, following immunoaffinity purification the resulting elution
samples were enriched in the 30 kD monomer form. One hypothesis is that the 30 kD
(potentially non-glycosylated form) binds more readily to the rholD4-coupled bead
matrix. Therefore, to obtain truly homogeneous hOR17-4 monomer it might be necessary
to use even lower levels of induction where no 30 kD form exists. Another option would
be to mutate the asparagine in the consensus N-glycosylation site of the receptor, located
at amino acid position 5. We predict such a change to result in exclusive production of
the 30 kD monomer form. However, the functional effect of abolishing glycosylation on
the receptor is unknown.
There have been numerous reports in the literature citing difficulties in expressing
functional olfactory receptors in heterologous systems. The main problem seems to be
improper membrane targeting and resulting cytosolic localization of the majority of ORs
[35-36, 40-41]. Several studies have been able to alleviate this problem by the addition of
putative membrane import signals to the N-terminus of the olfactory receptor [42-43].
However, more recent studies [44-45] have expressed functional olfactory receptors in
HEK293 cells without the use of such signal tags. We also investigated the use of an N-
terminal "membrane import" sequence composed of the first twenty amino acids of
bovine rhodopsin but found no significant increase in receptor yield or localization
(results not shown).
Our largest adherent culture experiment consisted of fifty 150 mm tissue culture
plates. While the total yield of crude hOR17-4 following immunoaffinity purification was
1.5 milligrams, the subsequent size exclusion chromatography and associated
concentration steps reduced this yield to 0.13 milligrams of purified hOR17-4 monomer
(2.6 ptg per plate). The monomer was >90% pure, with the only other major
contaminating band consisting of hOR17-4 dimer. While this represents a significant
milestone, using adherent culture for milligram-scale purification of the receptor
monomer poses a substantial challenge. However, the HEK293S cell line is capable of
suspension culture, and we plan to scale-up purification yields by adapting the system to
culture in a large volume (5-10 liter) liquid bioreactor. The high cell densities allowed
should allow the production and subsequent purification of milligram quantities of
olfactory receptors, which will be necessary for future experiments in determining
receptor structure and function.
General application for the purification of other olfactory receptors
Here we show that a GPCR olfactory receptor gene can be designed, synthesized,
placed into an inducible mammalian expression system and the resulting full-length
protein purified to near homogeneity in a two-step process. In addition to our experiments
on hOR17-4, we have constructed optimized synthetic genes for several mouse olfactory
receptors and initial expression trials have proven successful. The small size of the
rho 1 D4 tag and its extremely mild elution conditions provide a minimum of disruption to
the purified protein. In contrast to previous attempts at OR purification using bacterial
systems which required fusion to GST and truncated or mutated OR protein sequences
[33], the system described here allows for the production of full-length wild-type OR.
The application of this technique to other olfactory receptors could feasibly lead to a
generalized method for obtaining large quantities of any olfactory receptor in a rapid and
si mple manner. Such methods could prove extremely useful in elucidating the structural




The protein sequence for hOR17-4 (also known as OR1D2) was obtained from
GenBank (NCBI Accession # NP002539). DNAWorks online software
(http://helixweb.nih.gov/dnaworks) was used in protein mode to design the synthetic gene
and parse it into an oligonucleotide set. To adapt the synthetic hOR17-4 olfactory
receptor gene for use in mammalian cell expression and purification, the following
sequence modifications were made: i) human codon optimization; ii) addition of a C-
terminal rholD4 epitope tag (TETSQVAPA) preceded by a two glycine linker to
facilitate detection and purification; iii) addition of a Kozak consensus sequence
(GCCACCACC) immediately 5' to the ATG start codon; iv) addition of an EcoRI
restriction site at the 5' end and a NotI restriction site at 3' end of the gene to enable
cloning into expression vectors. The synthetic hOR17-4 gene consisted of 1004 bp, of
which 969 bp code for the 323 amino acid hOR17-4-GlyGly-rholD4 protein. The
designed oligonucleotide primers were purchased from IDT (Coralville, IA) with a
maximum length of 45 bp. PCR-based gene synthesis was performed using a 2-step
assembly/amplification protocol [46] with the exception that the assembly PCR was run
for 45 cycles. PCR reactions were then analyzed by gel electrophoresis and stained with
ethidium bromide. Full-length product was excised, extracted, and then digested with the
pertinent restriction enzymes. The genes were then ligated into the T-REx pcDNA4/To
inducible expression plasmid (Invitrogen, Carlsbad, CA), sequenced, and a correct clones
grown up using a MaxiPrep kit (Qiagen, Valencia, CA). The plasmid containing the
optimized hOR17-4 gene was designated pcDNA4/To-hOR1 7-4-rho 1 D4.
Generation of Stable Inducible Cell Lines
HEK293S (suspension adapted HEK293 cells) containing the stable expression of
pcDNA6/Tr (Invitrogen) that encodes the Tet repressor protein (TetR) had previously
been generated and cloned [21]. HEK293S cell monolayers were grown in DMEM/F 12
with GlutaMAX (Invitrogen catalog # 10565-042) supplemented with fetal bovine serum
(10%), HEPES (15 mM), non-essential amino acids (0.1 mM), sodium pyruvate (0.5
mM), penicillin (100 units/ml), streptomycin (100 pg/mil) and grown at 37*C at 5% C0 2.
All tissue culture and media components were purchased from Invitrogen unless
otherwise noted. The pcDNA4/To-hORl7-4-rholD4 plasmid was then transfected into
these cells using Lipofectamine 2000 and after 48 hours cells were subjected to drug
selection in 5 pig/ml blasticidin and 250 pg/ml zeocin for 2 weeks and then subcloned. 28
colonies were expanded and screened for inducible expression using media supplemented
with or without 1 pg/ml tetracycline for 48 hours. Samples were then scrape harvested,
solubilized in phosphate buffered saline (PBS) with 2% w/v Fos-Choline-14 (Anatrace,
Maumee, OH) and Complete Protease Inhibitor Cocktail (Roche, Basel, CH) for 1 hour at
4'C. Expression was assayed via dot blotting and SDS-PAGE western blotting using the
mouse monoclonal antibody rholD4. Clone 5, the colony showing the best expression of
hOR17-4 under induction conditions while maintaining undetectable expression without
induction, was selected and expanded into large-scale culture and used for all subsequent
experiments. The hOR17-4-inducible HEK293S cell line was maintained using 5 ptg/ml
blasticidin and 250 ptg/ml zeocin.
Cell Extract Preparation
Buffers used were as follows: PBS buffer: 137 mM NaCl, 2.7 mM KCl, 1.8 mM
KH2PO4, 10 mM Na2HPO4 (pH 7.4); Solubilization buffer: PBS containing Complete
Protease Inhibitor Cocktail (Roche, Basel, Switzerland) and 2% wt/vol FC14; and Wash
buffer: PBS containing 0.2% FC14; Elution buffer: Wash buffer containing 100 pM Ac-
TETSQVAPA-CONH 2 elution peptide. The detergent FCl4 was purchased from
Anatrace (Maumee, OH). Sodium butyrate was purchased from Sigma (Saint Louis,
MO).
For initial dosage and time course experiments, hOR17-4-inducible HEK293S
cells were grown to 80-90% confluency at 37*C in 6-well tissue culture plates, treated as
indicated and then scrape harvested into ice-cold PBS containing Complete Protease
Inhibitor Cocktail. The hOR17-4 was then solubilized by resuspending the cell pellets in
150 pl solubilization buffer and rotating for 1 hour at 4*C. The non-solubilized fraction
was then pelleted using at 13,000g for 30 minutes. The supernatant was then removed
and analyzed by SDS-PAGE.
For purification experiments, up to fifty 150 mm tissue culture plates were used
per experiment. Briefly, hOR17-4-inducible HEK293S cells were seeded at a density of 5
x 106 cells per 150 mm dish and grown for 72 hours at 37*C, at which point they reached
80-90% confluency. The cells were then induced with medium containing tetracycline (1
pg/ml) plus sodium butyrate (as indicated). After 48 hours, the cells were harvested by
scraping (at 4*C) each plate into 2 ml PBS containing Complete Protease Inhibitor
Cocktail. The cells were then pooled and snap frozen in liquid nitrogen and stored at -
80'C until purification was carried out. On the day of purification, cells were thawed on
wet ice and spun down by centrifugation at 4000g for 1 minute. All further steps were
performed at 4*C unless noted. The hOR17-4 was then solubilized by resuspending the
cells in solubilization buffer (1-2 ml per 150 mm plate) and rotating for 4 hours. The non-
soiubilized fraction was then pelleted using an ultracentrifuge at >100,000g for 30
minutes. The resulting supernatant was removed and put at 4*C. A small amount of
supernatant (100 gl) was set aside, labeled "total lysate" and stored at -200C. The
remainder was directly applied to immunoaffinity purification.
Immunoblotting and Total Protein Staining
Samples were assayed via polyacrylamide gel electrophoresis (SDS-PAGE) under
both reducing and denaturing conditions. Samples were prepared and loaded according to
standard Novex gel protocols with the exception that the samples were incubated at room
temperature prior to loading, as boiling caused membrane protein aggregation. Full
Range Rainbow (GE Healthcare, Waukesha, WI) molecular weight marker was loaded as
the protein size standard. Samples were resolved on Novex 10% Bis-Tris SDS-PAGE
gels (Invitrogen) were run using NuPAGE MOPS buffer at 1 OOV and were subsequently
transferred to a 0.45 pm nitrocellulose membrane and subjected to western
immunoblotting using the rholD4 as primary antibody, followed by a secondary HRP-
linked goat anti-mouse IgG (Pierce, Rockford, IL) and detection using the ECL-Plus Kit
(GE Healthcare). For total protein staining, SDS-PAGE gels were run as above, stained
using SYPRO-Ruby (a more sensitive alternative to Coomassie; Invitrogen), and
visualized by fluorescence using UV transillumination (excitation wavelength 300 nn).
All western blot and SYPRO-Ruby images were captured using a Fluor Chem gel
documentation system (Alpha Innotech, San Leandro, CA).
limmunoaffinity Purification
For immunoaffinity purification we utilized rholD4 monoclonal antibody (Cell
Essentials, Cambridge, MA) chemically linked to CNBr-activated Sepharose 4B beads
(GE Healthcare). The rho lD4 elution peptide Ac-TETSQVAPA-CONH 2 was synthesized
by CBC Scientific (San Jose, CA). RholD4-sepharose immunoaffinity purification has
been described previously [21]. Briefly, the cell extract supernatant was mixed with
rholD4-coupled sepharose bead slurry (binding capacity 0.7 mg/ml) and rotated
overnight at 4"C to capture the rho lD4-tagged olfactory receptors. The beads were then
pelleted by centrifugation at 2000g for one minute and the supernatant collected, labeled
as "flow-through" and saved for future analysis. The beads were then resuspended in 100
bead volumes of cold wash buffer (PBS + 0.2% Fos-Choline-14), rotated for 10 minutes
at 4*C, then repelleted. A total of five washes were carried out and 100 pl of each
sequential wash was saved for subsequent analysis. After the final wash, the beads were
pelleted again and transferred to a new tube for elution. A series of five elutions (each
rotated 1 hour at room temperature) was then carried out, each using 1 bead volume of
elution buffer (PBS + 0.2% FC14 + 100 pM TETSQVAPA peptide). Total protein
concentration was measured using BCA assay (Pierce).
Mass Spectrometry
Immunoaffinity-purified samples of hOR17-4 were separated via SDS-PAGE,
stained with SYPRO-Ruby and gel bands at 30 kD, 32 kD, and 60 kD were excised into
sterile, methanol-rinsed microcentrifuge tubes. The samples subjected to trypsin digestion
and the resulting fragments analyzed by Ion Trap LCMS for protein identification by the
MIT Biopolymers Laboratory (Cambridge, MA). All bands were identified as hOR17-4,
indicating monomeric and dimeric forms.
Size Exclusion Chromatography
For further purification, hOR17-4 proteins were subjected to gel filtration
chromatography using a HiLoad 16/60 Superdex 200 column on an Akta Purifier HPLC
system (GE Healthcare). The column was first equilibrated using wash buffer (PBS +
0.2% w/v Fos-Choline-14). Pooled hOR17-4 elution fractions from the rholD4
immunoaffinity purification were concentrated to 0.75 mg/ml using a 1OkD MWCO filter
column (Millipore, Billerica, MA) and then applied to the Akta system. After loading, the
column was run with wash buffer at 1 ml/min and column flow through monitored via
UV absorbance at 280 nm and 215 nm. Protein fractions were collected using an
automated fraction collector. Peak fractions were then pooled, concentrated and subjected
to SDS-PAGE and analysis via Sypro Ruby staining. Total protein concentration was
measured using BCA assay (Pierce).
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CHAPTER 4
PRODUCTION OF hOR17-4 USING
SUSPENSION CELL CULTURES
NOTE: This chapter is an expansion of a manuscript submitted to Proceedings of the
National Academy of Sciences (PNAS):
Cook BL, Steuerwald D, Vanberghem V, Kaiser L, Graveland-Bikker J, Herlihy
K, Pick H, Vogel H, Berke AP & Zhang S. Large-Scale Production and Study of a
Synthetic Human Olfactory Receptor. Submitted to PNAS (2008).
4.1 Abstract
In order to investigate the elusive biochemistry and molecular mechanism(s) of
olfaction, we have developed a mammalian expression system for the large-scale
production and purification of a functional olfactory receptor (OR) protein in milligram
quantities. Here we report the study of human OR17-4 purified from a HEK293S
tetracycline-inducible system. Scale-up of production yield was achieved through
suspension culture in a. bioreactor, which enabled the preparation of >10mg of
monomeric hOR17-4 receptor following immunoaffinity and size exclusion
chromatography, with expression yields reaching 3 mg per liter of culture medium. Final
monomeric hOR17-4 protein was >90% pure, with the only major contaminant being
dimeric receptor, and was thus directly applicable for subsequent characterization studies
and crystallization screening for X-ray diffraction experiments. Thus this system
constitutes a viable method for producing the large quantities of olfactory receptor
necessary for structural and functional analyses.
4.2 Introduction
Animal noses have evolved the ability to rapidly detect a seemingly infinite array
of odors at minute concentrations. The basis of this sensitivity are the olfactory (smell)
receptors - a large, highly related class of sensory G-protein coupled receptors (GPCRs)
that function together combinatorially to allow discrimination between a wide range of
volatile and soluble molecules [1, 2]. As GPCRs, all olfactory receptors (ORs) are
integral membrane proteins with seven transmembrane domains arranged in a barrel-like
conformation. Despite the fact that olfactory receptors represent the largest class of
known membrane proteins, no detailed structure exists for any OR and the functional
mechanisms of these amazing receptors remains unknown. The crucial first step to enable
such pivotal biochemical and structural analyses is to engineer systems with the capacity
to generate and purify milligram quantities of an olfactory receptor.
The human olfactory receptor 17-4 (hOR17-4, alternately known as OR1D2) is of
particular interest since, in addition to olfactory neurons, it is also expressed on the
midpiece of human spermatozoa [3]. Sperm expressing hOR17-4 were found to migrate
towards known hOR17-4-responsive odorants such as bourgeonal, lilial, and floralozone
[3]. Thus the receptor serves a dual role in that it recognizes odorants in the nose as well
as plays a potential role in sperm chemotaxis and fertilization. Structural studies of
hOR17-4 would not only provide information crucial to understanding the molecular
mechanism(s) of olfaction but also have application to human reproduction.
To date, crystal structures exist for only three GPCR proteins: retina-purified
bovine opsin [4-6] and highly engineered versions of human beta2-adrenergic receptor [7,
8] and turkey betal -adrenergic receptor [9], both expressed in Sf9 insect cells. We have
recently developed an OR expression system [10] using stably-inducible mammalian
HEK293S cell lines by optimizing methods originally developed in the Khorana lab to
generate milligram quantities of functional rhodopsin [11-13]. In adherent culture, this
adapted rho-tag system was used express and purify monomeric hOR17-4 to >90% purity
[10]. Here we show that this system can be scaled up using bioreactor culture to facilitate
the production and purification of milligram amounts of hOR17-4. Key to the efficient
extraction of hOR17-4 was a comprehensive screen of diverse detergents and the
selection of zwitter-ionic fos-choline detergents as solubilizing agents, as all non-ionic
detergents proved ineffective. The purified hOR17-4 protein was also structurally and
functionally characterized using several spectroscopy methods. To our knowledge this is
the first time milligram quantities of functional olfactory receptor have been purified
from any heterologous system.
4.3 Results
Construction of stable hOR17-4-inducible HEK293S GnTr cell lines
In Chapter 3, I described the fabrication of a synthetic hOR17-4 gene using PCR-
based gene synthesis and the subsequent construction of stable HEK293S cell lines with
tetiacycline-inducible expression of the hOR17-4 receptor protein [10]. When induced
with a combination of tetracycline and sodium butyrate, these HEK293S cells could
generate over 30 micrograms of hOR17-4 per 15-cm plate. However, when assayed by
SDS-PAGE, the receptor monomer migrated as a doublet at approximately 30 kD and 32
kD (the full-length rho-tagged hOR17-4 protein, with theoretical molecular mass of 36.2
kD, migrates slightly faster on SDS-PAGE gels). Our initial hypothesis was that the 32
kD band constituted a glycosylated form of the receptor. As heterogeneity could
potentially interfere with future structural analysis and crystallization, we sought to
achieve a homogeneous glycosylation pattern by porting the hOR17-4-inducible
expression system into a HEK293S N-acetylglucosaminyltransferase I-negative (GnTT)
cell line shown to produce homogeneously glycosylated rhodopsin [13]. During colony
screening we isolated subclonal strains that exclusively expressed the slower migrating
(32 kD) form of the receptor even under high-level expression (Figure 4.1a).
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Figure 4.1 - Construction of hOR17-4-inducible HEK293S GnT1-/- cell lines for use
in liquid bioreactor culture. Clones were tested for induction after 48 hours in plain
media (-) or media supplemented with 1 ug/mL tetracycline (+) or tetracycline plus 5
mM sodium butyrate enhancer (++). Arrows indicate the position of the 32 kD and 30
kD monomer forms. (A) Levels of hOR17-4 were probed via SDS-PAGE western
blotting against the rho tag (rholD4 monoclonal antibody). Clones 3 and 8 show high
levels of induction following the addition of sodium butyrate but have low levels of the
potentially unglycosylated 30 kD monomer form of hOR17-4, unlike Clone 11 and
previous clones in the HEK293S system. Clone 3 was selected for subsequent bioreactor
experiments. (B) In order to investigate the potential N-linked glycosylation of hOR17-
4, the consensus glycosylation sequence (-Asn-Gln-Ser-) was altered using site directed
mutagenesis to change the asparagine at position 5 to glutamine (N5Q mutation).
Following the generation of new stable hOR17-4(N5Q) inducible clones, the SDS-
PAGE migration pattern of receptor monomer was compared to wild-type following
induction. Mutation of the glycosylation site (N5Q) eliminated the upper form (32kD) of
hOR17-4 monomer and only lower form (30kD) is present, indicating the size
discrepancy is indeed due to glycosylation on Asn5.
Olfactory receptors possess a conserved N-linked glycosylation consensus
sequence (Asn-X-Ser/Thr) at their N-termini [14], and the resulting glycosylation may be
important for receptor functionality and proper folding [15], as is the case for other
GPCRs [16]. To investigate whether the observed size discrepancy was due to N-linked
glycosylation, we generated a stable cell line that expressed a mutated form of hOR17-4
(N5Q) where the consensus asparagine was replaced by a glutamine. This hOR17-4 N5Q
mutant ran solely at 30 kD with no 32 kD form present (Figure 4.1b), indicating that the
32 kD form of wild-type hOR17-4 is N-glycosylated on Asn5. As lack of glycosylation
could potentially compromise receptor function, all subsequent experiments were
performed using the wild-type hOR17-4 inducible cell line (Clone 3, Figure 4.1a).
Detergent Screen and optimization of hOR17-4 solubilization from HEK293S cells
Initial transient transfections into HEK293S cells and subsequent solubilization
using the detergent dodecyl maltoside (DDM), which has been successfully used to
solubilize several other GPCRs [12, 13, 17], revealed low levels of hOR17-4 protein
yield in comparison to constructs encoding opsin. To investigate whether DDM was
insufficient to solubilize hOR17-4, we performed a large detergent screen that included
representatives from the non-ionic, zwitter-ionic, polar, and ionic detergent classes.
Immunoblot analysis showed that the majority of commercially available detergents were
poor choices for extracting the hOR17-4 GPCR protein from HEK293S cells (Figure
4.2). However, the fos-choline class of detergents proved highly effective and showed a
clear relationship between chain length and solubilization yield, with fos-choline-16
(FC16) showing a >10-fold increase over DDM. However, the critical micelle
concentration (CMC) of FC16 is so low (0.00053%) as to make any subsequent detergent
exchange nearly impossible. Therefore, fos-choline-14 (FC14), with a CMC nearly 1Ox
higher (0.0046%) was selected as the ideal solubilization agent. Importantly, FC14
showed greater hOR17-4 yield than solubilization with harsher ionic detergents such as









Figure 4.2. Detergent screen for optimal solubilization of hOR17-4 expressed in
1HtK293S cells. Expression of hOR17-4 was induced with tetracycline (1 jg/mi) and
sodium butyrate (5 mM) for 48 hours and receptors solubilized in PBS containing
detergents for 4 hours at 4"C. All detergents were used at a concentration of 2% wt/vol
uiiless otherwise indicated. Relative solubilization corresponds to the fold increase over
dodecyl maltoside (DDM) in solubilizing hOR17-4 monomer/dimer. Detergent
abbreviations used are: DM, decyl maltoside; DDM, dodecyl maltoside; C/C, CHAPS
(1%) and Cholesterol hemisuccinate (0.2%); 0G, octyl glucoside; NG, nonyl glucoside;
NP40, nonidet P40; DAO, n-decyl-N,N-dimethylamine-N-oxide; DDAO, n-dodecyl[
N,N-dimethylamine-N-oxide; TDAO, n-tetradecyl-N,N-dimethylamine-N-oxide;
DMiDPO, dimethyldecyiphosphine oxide; DDMG, n-decyl-N-N-dimethylglycine;
DODMG, n-dodecyl-N-N-dimethylglycine; sarcosine, sodium dodecanoyl sarcosine;
DOC, deoxycholate.
phosphatidylcholine (PC), a phospholipid and major constituent of the lipid bilayer of
rnammalian cells. Additional solubilization yield studies were carried out to determine
the optimal FCl4 concentration and extraction buffer (Materials and Methods). Addition
of glycerol or increasing salt concentration was found to substantially decrease receptor




.. . ... . .. .................  ........    .. ....... " I',"", ............
After solubilization of hOR17-4 from native cell membranes, we attempted to
exchange the zwitter-ionic fos-choline for the milder non-ionic dodecyl maltoside (DDM)
during the immunoaffinity bead immobilization, as DDM has been successfully used to
keep many other GPCRs soluble. However, this resulted in a near total loss of hOR17-4
yield due to aggregation (data not shown), indicating that FC14 is crucial not only for OR
extraction but to maintain the solubility of OR proteins in solution.
Milligram-scale bioreactor production of hOR17-4 and subsequent purification
The use of adherent culture for milligram-scale purification of the receptor
monomer poses a substantial challenge, as many hundreds of plates would be required.
As the HEK293S GnTI cell line is capable of suspension culture at high cell densities,
we chose to scale-up production using a bioreactor and methods previously optimized for
the milligram-scale production of bovine rhodopsin [12]. Each bioreactor run consisted of
1.25 - 1.40 liters of culture media (see Methods) inoculated with hOR17-4-inducible
HEK293S GnTI~ cells at an initial density of 6 - 8 x 105 cells/mL. The media was
supplemented on day 5 and hOR17-4 expression induced on day 6 using tetracycline and
sodium butyrate (see Methods) and harvested 40 hours later (day 8). Cell density at time
of induction was 6.0 x 106 cells/mL and had increased to 9.6 x 106 cells/mL at the time of
harvest. Thus a single 1.25 liter bioreactor run produced 12 billion cells (a cell pellet of
16.3 grams), the equivalent of approximately 200 x 15-cm tissue culture plates.
Cell pellets from two separate bioreactor runs were combined and subjected to
solubilization using FCl4 followed by immunoaffinity purification using the rholD4
monoclonal antibody conjugated to sepharose beads in order capture the rho-tagged
hOR17-4 protein. The eluate (containing 10.3 milligrams of hOR17-4) was then
subjected to size exclusion chromatography to isolate the monomeric receptor fraction
using gel filtration. Several peaks were observed (Figure 4.3a) and were found to
correspond to aggregate, dimeric, and monomeric receptor (Figure 4.3b). The dimeric
and monomer peaks eluted at 63.4 mL (0.51 CV) and 72.1 mL (0.58 CV), respectively,
which was identical to that observed in our hOR17-4 purification using adherent culture
[10]. Using gel filtration standards we estimated the apparent masses of the hOR17-4-
detergent complexes at 140 kD (monomer) and 275 kD (dimer), indicating that each
hOR17-4 protein is solubilized in a complex with approximately 270 molecules of FC14
(2.8 g of FC14 / g of protein). While this might seem high, the mass of bound detergent is
greater than the micellar mass (47 kD for FC14 [18]) for most membrane proteins,
including monomeric rhodopsin/DDM complexes (126 kD) [19]. Were our 140 kD
complex to contain dimeric hOR17-4, each would be complexed with approximately 90
molecules of FC14, which is well below the aggregation number of 120 [18].
Peak fractions were collected, pooled and concentrated and subjected to SDS-
PAGE (Figure 4.3b). The final yield of hOR17-4 monomer was 2.68 milligrams at >90%
purity, the only other band visible being dimeric hOR17-4. Additionally, the putative
dimer peak contained a total of 2.45 mg of largely dimeric receptor. Importantly, the
appearance of monomer form in earlier peaks is likely due to the effects of SDS
dissociating the dimeric and oligomeric receptor forms.
Following the initial milligram scale purification, we repeated the experiment
using two additional bioreactor runs (2.5 liters of suspension culture). However, a large
excess of rholD4-sepharose beads (60 mL bead slurry, total binding capacity 42 mg) was
added to ensure complete capture of solubilized hOR17-4. Total yield of receptor
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Figure 4.3 - Full purification of hOR17-4 from 2.65 liters of bioreactor cultured
cells. (A) Size exclusion chromatography (SEC) on immunoaffinity-purified hOR17-4,
Absorbance was recorded at 280 nm (black), 254 nm (red), and 215 nm (blue). Peaks 1-5
(indicated by numbers) were pooled and concentrated. The predicted monomer peak was
pooled into an early fraction (4) and a late fraction (5). Peak 6 contains the nine amino
acid elution peptide TETSQVAPA from the immunoaffinity purification. (B) Total
protein staining of SEC peak fractions. Column fractions were collected and subjected to
SDS-PAGE followed by staining with Sypro Ruby. Load is the original immunopurified
sample applied to the chromatography column. Peak numbers refer to those designated in
(A). Peaks 4 and 5 contain monomeric hOR17-4 at >90% purity.
purification of 7.5 milligrams of hOR17-4 monomer following gel filtration
chromatography. This constitutes nearly a three-fold increase over the first run and a
yield of 3 mg/L for purified hOR17-4 monomer. As the resulting protein is at sufficiently










The major obstacle to structural and functional studies on membrane proteins is
the notorious difficulty involved in expressing and purifying the large quantities of
receptor protein sample required for such techniques as X-ray crystallography. A
testament to this is the fact that as of September 2008, there are only 171 unique
membrane protein structures known [20], which constitutes less than 1% of all known
protein structures. There have been a host of previous studies that have expressed and
studied olfactory receptors in native and heterologous systems. While purification of ORs
has been attempted in bacterial [21] and Sf9 insect [22, 23] systems, these were unable to
produce large quantities of native full-length olfactory receptor. The methods and results
presented here constitute the first cell-based platform for the production of milligram
quantities of purified olfactory receptor.
The appearance of two distinct hOR17-4 monomer bands following purification
could pose a problem for structural studies using X-ray crystallography, since typically a
high degree of protein homogeneity is required for protein crystallization. We initially
believed that it was possible to obtain primarily 32 kD form using the new HEK293S
GnTIl cell line clones (Figure 4.1a). However, the rholD4 immunoaffinity purification
appears to significantly increase the proportion of 30 kD monomer form relative to 32 kD
form, as seen in Figure 4.3b. One hypothesis is that the 30 kD (potentially non-
glycosylated form) binds more readily to the rholD4-coupled bead matrix. Therefore, to
obtain truly homogeneous hOR17-4 monomer it might be necessary to perform
purifications using the hOR17-4(N5Q) mutant cell line (Figure 4.1b), where only the 30
kD monomer form is produced. However, the functional effect of abolishing
glycosylation on this receptor is unknown. Several studies have indicated that loss of
GPCR glycosylation can lead to improper folding and targeting, resulting in decreased
function and compromised structure and stability [16]. Loss of either N-terminal
glycosylation site (Asn-2 or Asn-15) of rhodopsin is sufficient to cause loss of signal
transduction despite no apparent change in localization or folding [24, 25]. Additionally,
mutating out the glycosylation site of a mouse OR (mOR-EG) was found to completely
abolished its ability to localize to the membrane [15], indicating that this modification
may be necessary for OR function. As other heterologous expression systems (bacterial,
insect, etc) lack mammalian post-translational machinery, purification of olfactory
receptors from mammalian systems might be crucial for functional production. It is
worthwhile to note that retina-derived bovine opsin, which has been crystallized, is not
heterogeneously glycosylated but contains at least three N-glycan variants (70%
Man3GlcNAc3, 10% Man4GlcNAc 3, and 20% Man5GlcNAc 3) [26].
In addition to the N-glycosylation site at Asn5, hOR17-4 has a potential site at
Asn195. However, this residue does not appear to be heavily glycosylated in this system
as evidenced by: i) the N5Q mutation causes a complete shift in mobility from 32 kD
(glycosylated) to the 30 kD form, which corresponds to the mass of the deglycosylated
hOR17-4 protein [23]; ii) mass spectrometry analysis did not detect glycosylation at this
site but did detect unglycosylated peptides containing Asn195; iii) the consensus
sequence is at the hypothetical EC2/TM5 border and thus is not likely to have the
flexibility required for N-linked glycosylation. We did see a minor band running at ~33
kD for both the wild-type and N5Q mutant versions of hOR17-4 (Figure 4.3b, Figure
4.1b), which we have not yet ruled out as due to potential Asn195 glycosylation. Since
this band does not appear to shift with N5Q mutation, were this band glycosylated it
would be on Asn195 alone (and not both sites). Should this be the case, a double mutant
(N5Q, N195Q) might be advantageous, as it would eliminate both forms.
Here we demonstrated the utility of the fos-choline-based detergents (most
notably FC14) in extracting and solubilizing olfactory receptors. Fos-choline-12 was
recently found to refold the integral membrane protein diacylglycerol kinase and
maintain its functional state [27]. Additionally, Fos-choline-14 was used in the
crystallization of the E. Coli mechanosensitive ion channel MscS for a successful
structure [28]. The promise of this detergent class in future membrane protein research is
underscored by our recent findings which identified the fos-choline series as the best
detergent class for extracting and solubilizing the human chemokine receptors CCR3,
CCR5, CXCR4 and CX3CR1 [29].
In summary, we have developed methods for the construction of inducible
mammalian cell lines that generate milligram quantities of olfactory receptor on demand.
Currently, we have demonstrated the production of >10 milligrams of full-length human
olfactory receptor hOR17-4 in a stable tetracycline-inducible human embryonic kidney
cell line (HEK293S GnTI-). Using methods originally adapted from the production and
purification of the GPCR rhodopsin [11-13] and further optimized (including the full-
spectrum screening of over 45 detergents), the olfactory receptor is solubilized and
extracted from the cells using fos-choline-14. The OR protein is then isolated using a
two-step purification method which yields hOR17-4 monomer at greater than 90% purity
(Figure 4.3b). The system described is capable of generating up to 3 mg / liter of
monomeric hOR17-4, the yield of which approaches that of rhodopsin and rhodopsin
mutants when similarly expressed [12]. The application of this technique to other
olfactory receptors could feasibly lead to a generalized method for obtaining large
quantities of any olfactory receptor in a rapid and simple manner. Such methods could
prove extremely useful in elucidating the structural and functional mechanism(s) of
olfactory receptors and in their integration into OR-based biosensor devices.
4.5 Methods
Buffers and solutions
Buffers used were as follows: PBS buffer: 137 mM NaCl, 2.7 mM KCl, 1.8 mM
KH 2PO4, 10 mM Na2HPO4 (pH 7.4); Solubilization buffer: PBS containing Complete
Protease Inhibitor Cocktail (Roche, Basel, Switzerland) and 2% wt/vol FC14; Wash
buffer: PBS containing 0.2% FC14; Elution buffer: Wash buffer containing 100 pM Ac-
TETSQVAPA-CONH 2 elution peptide. The detergent FC14 was purchased from
Anatrace (Maumee, OH). All tissue culture and media components were purchased from
Invitrogen unless otherwise noted. Sodium butyrate was purchased from Sigma (Saint
Louis, MO).
Site Directed Mutagenesis
The pcDNA4/To-hOR17-4-rho plasmid, containing a synthetic, codon optimized
hOR17-4-rho gene construct [10], was mutated to eliminate the hOR17-4 N-linked
glycosylation consensus sequence. The codon corresponding to hOR17-4 residue Asn5
was converted from AAC (Asn) to CAG (Gln) by site directed mutagenesis using the
Quikchange kit (Stratagene) according to the manufacturer's instructions. The
oligonucleotides used were: 5'-CCATGGACGGAGGCCAGCAAAGCGAGGGCAG-3'
(top) and 5'-CTGCCCTCGCTTTGCTGGCCTCCGTCCATGG-3' (bottom). The
sticcessfully mutated plasmid was designated pcDNA4/To-hOR17-4(N5Q)-rho.
Generation of Stable hOR17-4-Inducible Cell Lines
HEK293S GnTl (suspension adapted, N-acetylglucosaminyltransferase I-
negative HEK293) cells containing the stable expression of pcDNA6/Tr (Invitrogen) that
encodes the Tet repressor protein (TetR) had previously been generated and cloned [13].
Adherent HEK293 S GnTI- cell monolayers were grown in DMEM/F 12 with GlutaMAX
(Invitrogen catalog # 10565-042) supplemented with fetal bovine serum (10%), HEPES
(15 mM), non-essential amino acids (0.1 mM), sodium pyruvate (0.5 mM), penicillin
(100 units/ml), streptomycin (100 jig/ml) and grown at 37*C at 5% Co2. Either the
pcDNA4/To-hOR17-4-rho plasmid, containing a synthetic, codon optimized, rho-tagged
hOR17-4 gene construct (hOR17-4-GG-TETSQVAPA) [10] or the pcDNA4/To-hORl7-
4(N5Q)-rho plasmid were then transfected into these cells using Lipofectamine 2000 and
after 48 hours cells were subjected to drug selection in 5 pg/ml blasticidin and 50 pg/ml
zeocin for 2 weeks and then subcloned. For each variant, at least 25 colonies were
expanded and screened for inducible expression in 6-well plates using plain media
(control) or media supplemented with 1 ug/mL tetracycline or tetracycline plus 5 mM
sodium butyrate. 48 hours post-treatment, samples were scrape harvested into ice-cold
PBS containing Complete Protease Inhibitor Cocktail (Roche, Basel, CH). The hOR17-4
was then solubilized by resuspending the cell pellets in 150 pl solubilization buffer and
rotating for 1 hour at 4*C. The non-solubilized fraction was then pelleted by
centrifugation at 13,000g for 30 minutes. The supernatant was then removed and OR
expression assayed via dot blotting and SDS-PAGE western blotting using the mouse
monoclonal antibody rholD4. For wild-type hOR17-4, Clone 3 was selected and
expanded into large-scale culture and used for all subsequent experiments. The hOR17-4-
inducible HEK293S GnTI- cell lines were maintained using 5 pg/ml blasticidin and 25
pg/ml zeocin.
Detergent Screening
For initial solubilization trials, the wild-type pcDNA4/To-hOR17-4-rho plasmid
was transiently transfected into 150mm tissue culture plates of HEK293S cells using
Lipofectamine 2000. After 48 hours, cells were scrape harvested and pooled. Cells were
spun down and resuspended in ice cold PBS containing Complete Protease Inhibitor
Cocktail at a density of 2x10 7 cells/ml and then aliquotted into microcentrifuge tubes
(120g1 each). 30gl of detergent was then added from stock solutions (10% wt/vol) such
that the final concentration was 2%, except where noted. Care was taken not to vortex or
pipette-mix the samples after detergent was added in order to avoid breaking cell nuclei.
Samples were then rotated at 4*C for 4 hours before being centrifuged at 13,000g for 30
minutes to pellet insoluble material. Supernatants were then removed and subjected to dot
blot and SDS-PAGE analysis using the rholD4 mAb. As dot blotting also detects
aggregated/oligomerized receptor, the solubilization was quantified via SDS-PAGE
western blotting as the total amount of monomeric and dimeric hOR17-4 present, as
determined by spot densitometry. Relative solubilization corresponds to the fold increase
over dodecyl maltoside (DDM). All detergents were purchased from Anatrace (Maumee,
OH) except digitonin, which was purchased from Sigma.
Growth of HEK293S GnTr suspension cultures in a bioreactor
Suspension culture was carried out in a Celligen Plus bioreactor (New Brunswick
Scientific, Edison, NJ) according to the protocol developed by Reeves, et al [12]. Media
formulation was identical except that Primatone RL-UF used at 3.0 g/L. On day 0, the
bioreactor media was inoculated with cells trypsinized from 6-9 confluent 15-cm tissue
culture plates such that the inoculation density was 6 x 105 cells/mL. The four-gas
mixture (air, 02, N2, and CO2 ) was supplied by direct sparge only. Gas flow rate was
initially 21 ml/min but was increased as needed throughout the run to regulate the pH and
dissolved oxygen. If required, 20 mL of 8% sodium bicarbonate was added to increase
the buffering capacity of the media if the gas mixture was unable to adequately regulate
the pH. On day 5, the reactor was supplemented with 30 mL of 10% Primatone RL-UF
and 10 mL of 20% glucose. On day 6, the expression of hOR17-4 was induced by the
addition of tetracycline (2 pg/mL) and sodium butyrate (2 mM) and the cells harvested
40 hours post-induction. Harvested cells were pelleted and washed with cold PBS
containing complete protease inhibitor cocktail. The cell pellets were then weighed and
snap-frozen in liquid nitrogen and stored at -80*C until purification was carried out. On
the day of purification, cells were thawed on wet ice and spun down by centrifugation at
4000g for 1 minute. All further steps were performed at 4*C unless noted. The hOR174
was then solubilized by resuspending the cells in solubilization buffer (12.5 ml per gram
of cell pellet) and rotating for 4 hours. The non-solubilized fraction was then pelleted
using an ultracentrifuge at >100,000 g for 45 minutes. The resulting supematant was
removed and put at 4*C. A small amount of supernatant (100 pl) was set aside, labeled
"total lysate" and stored at -20*C. The remainder was directly applied to immunoaffinity
purification.
Iinmunoblotting and Total Protein Staining
Samples were assayed via polyacrylamide gel electrophoresis (SDS-PAGE) under
both reducing and denaturing conditions. Samples were prepared and loaded according to
standard Novex gel protocols with the exception that the samples were incubated at room
temperature prior to loading, as boiling caused membrane protein aggregation. Full
Range Rainbow (GE Healthcare, Waukesha, WI) molecular weight marker was loaded as
the protein size standard. Samples were resolved on Novex 10% Bis-Tris SDS-PAGE
gels (Invitrogen) using NuPAGE MOPS buffer, run at 1 OOV and were subsequently
transferred to a 0.45 ptm nitrocellulose membrane and subjected to western
immunoblotting using the rholD4 as primary antibody, followed by a secondary HRP-
linked goat anti-mouse IgG (Pierce, Rockford, IL) and detection using the ECL-Plus Kit
(GE Healthcare). For total protein staining, SDS-PAGE gels were run as above, stained
using SYPRO-Ruby (a more sensitive alternative to Coomassie; Invitrogen), and
visualized by fluorescence using UV transillumination (excitation wavelength 300 nm).
All western blot and SYPRO-Ruby images were captured using a Fluor Chem gel
documentation system (Alpha Innotech, San Leandro, CA).
Imnmunoaffmity Purfication
For immunoaffinity purification we utilized rholD4 monoclonal antibody (Cell
Essentials, Cambridge, MA) chemically linked to CNBr-activated Sepharose 4B beads
(GE Healthcare). The rho lD4 elution peptide Ac-TETSQVAPA-CONH 2 was synthesized
by CBC Scientific (San Jose, CA). RholD4-sepharose immunoaffinity purification has
been described previously [12]. Briefly, the cell extract supernatant was mixed with
rholD4-coupled sepharose bead slurry (binding capacity 0.7 mg/ml) and rotated
overnight at 4*C to capture the rho-tagged olfactory receptors. The beads were then
pelleted by centrifugation at 2000g for one minute and the supernatant collected, labeled
as "flow-through" and saved for future analysis. The beads were then resuspended in 100
bead volumes of cold wash buffer (PBS + 0.2% fos-choline-14), rotated for 10 minutes at
4*C, then repelleted. The procedure was repeated until the supernatant had a UV
absorbance at 280nm of less than 0.01. After the final wash, the beads were pelleted
again and transferred to a new tube for elution. A series of elutions (each rotated 1 hour at
room temperature) was then carried out, each using 1 bead volume of elution buffer (PBS
+ 0.2% FC14 + 100 gM TETSQVAPA peptide). Elutions were repeated until the UV
absorbance at 280nm was less than 0.1. Total protein concentration was measured by
BCA assay (Pierce).
Site Exclusion Chromatography
For further purification, hOR17-4 proteins were subjected to gel filtration
chromatography using a HiLoad 16/60 Superdex 200 column on an Akta Purifier HPLC
system (GE Healthcare). The column was first equilibrated using wash buffer (PBS +
0.2% w/v fos-choline-14). Pooled hOR17-4 elution fractions from the rholD4
immunoaffinity purification were concentrated to 3 mg/ml using a 10kD MWCO filter
column (Millipore, Billerica, MA) and then applied to the Akta system. After loading, the
column was run with wash buffer at 0.3 ml/min and column flow through monitored via
UV absorbance at 280 nm, 254 nm and 215 nm. Protein fractions were collected using an
automated fraction collector. Peak fractions were then pooled, concentrated and subjected
to SDS-PAGE and analysis via Sypro Ruby staining. Total protein concentration was
measured using BCA assay (Pierce). The molecular mass of hOR17-4-detergent
complexes was estimated by calibrating the column with gel-filtration standard mixture
(Bio-Rad). Molecular mass was correlated to retention volume using a power law curve-
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5.1 Abstract
To characterize the previously purified hOR17-4 receptor protein, we subjected it
to several spectroscopic modes of analysis in order to determine if the solubilized
receptor was correctly folded and retained functional activity. Analysis by far-UV
circular dichroism showed the receptor to have correct secondary structure (~50% alpha-
helical), while near-UV spectra were indicative of a defined tertiary structure. Using a
surface plasmon resonance (SPR) assay, extracted hOR17-4 specifically bound its known
odorants lilial and floralozone in vitro, while denatured receptor had no binding activity.
At least 50% of the receptors bound odorants as estimated from bound SPR mass. The
synthetic hOR17-4 also recognized specific odorants on the surface of HEK293S cells as
determined by calcium-release assay. Additionally, analysis using mass spectrometry
confirmed the presence of several post-translational modifications. Thus, the engineered
mammalian expression system and optimized purification protocols developed during
this thesis are capable of producing milligram quantities of correctly folded and
functionally active olfactory receptor.
5.2 Introduction
No method currently exists with which to ascertain the functionality of detergent
solubilized (non-membrane bound) olfactory receptor proteins. We subjected our purified
hOR17-4 receptor to a range of spectroscopic and analytical techniques in order to
confirm correct folding, function, and post-translational modifications. Additionally, we
tested the functionality of the protein in the native cell membrane in order to confirm that
the rho-tagged, synthetic gene truly encoded a functional protein capable of normal G
protein-mediated signal transduction. The techniques applied were:
i. Circular dichroism (CD) spectroscopy - quantitates secondary structural
components and provides information on tertiary structure through differential
absorption of circularly-polarized light (see section 1.5). Changes in CD spectra
can indicate changes in secondary structure and protein folding.
ii. Fluorescence spectroscopy - light reemitted from excited states of tryptophan and
other aromatic amino acid residues at characteristic wavelengths. Alterations in
emission spectra can be used to measure changes in protein conformation.
iii. Surface plasmon resonance (SPR) - detects molecular interactions in real-time
due to changes in refractive index near the surface (see section 1.6).
iv. Liquid Chromatography-Mass Spectrometry - protein is digested using a protease
and resulting fragments are size separated and the masses precisely determined so
that the peptides can be identified. Post-translational modifications can also be
determined.
5.3 Results
5.3.1 Circular dichroism and fluorescence spectroscopy
We asked if the purified, FC 14-solubilized hOR17-4 retained proper structure and
functionality. Our prediction for hOR17-4 secondary structure, based on structural
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Figure 5.1 - Circular dichroism analysis of purified hOR17-4. Purified hOR17-4
monomer was analyzed by both circular dichroism spectroscopy and fluorescence
spectroscopy. (A) Far-UV CD spectrum of hOR17-4 displaying correct secondary
structure (49% alpha helix). Spectrum shown is the average of 5 replicate scans. Mean
residue ellipticity [0] has units of degree*cm2 *dmol~1. (B) Near-UV CD spectrum of
hOR17-4 showing distinct tertiary structure peaks. Spectrum shown is the average of 3
replicate scans. Functional bovine rhodopsin has a similar peak in this region, while non-
functional opsin mutants show flat spectra characteristic of a misfolded globular state.
subjected to far-UV circular dichroism spectroscopy, the monomeric hOR17-4 displayed
a spectrum characteristic of alpha helix with minima at 208 nm and 222 nm (Figure
54la). Analysis of the spectrum using the K2D algorithm [3] returned values of 49%
alpha helix, 18% beta sheet, and 33% random coil content, confirming a correct hOR17-4
secondary structure.
To probe tertiary structure, we subjected hOR17-4 to near-UV circular dichroism
spectroscopy. Since this technique requires milligram quantities of pure protein, this is to
our knowledge the first instance of a near-UV spectrum for an olfactory receptor (Figure
5.ib). Several significant peaks were observed which suggest a defined tertiary structure.
Wild-type opsin has similar near-UV peaks in this region, whereas functionally inactive
opsin mutants showed flat spectra, indicating misfolded protein [4]. Characterization by
tryptophan fluorescence spectroscopy using excitation at 280 nm showed an emission
........................
maximum at 335 nm (Figure 5.2), which is similar to the value experimentally
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Figure 5.2 - Fluorescence spectroscopy on purified hOR17-4 monomer. Excitation at
280 nm resulted in a clear emission peak at 335 nm. The hOR17-4 amino acid sequence
has 2 tryptophans, 17 tyrosines, and 19 phenylalanines. The spectrum shown is the
average of 3 replicate scans. This agrees with previous characterization of rat OR5
receptor showing a 328 nm emission peak from excitation at 280 nm.
5.3.2 Calcium- release assays of cell surface expressed hOR17-4
We also confirmed that our synthetic hOR17-4 displayed wild-type function in
the HEK293S cell membranes. The functional activity and specificity of induced hOR17-
4 was measured on the surface of HEK293S cells by calcium- release assay and
visualized using time-lapse confocal microscopy. In our heterologous HEK293S system,
ORs can signal through the inositol triphosphate (IP 3) pathway to release intracellular
CaF+ from the ER by signaling through the "promiscuous" G-protein G.q. Induced cells
responded to the specific odorant bourgeonal at concentrations as low as 1 pM (Figure
5.3). Odorant response could be blocked by co-application of the hOR17-4 antagonist
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Figure 5.3 - Calcium- release assays of cell surface-expressed hOR17-4. hOR17-4
expressed in a stable inducible HEK293S cell line exhibits specific activation by its
cognate ligand bourgeonal. (A) Transient changes of the cytosolic Ca2+ concentration
were recorded with confocal microscopy using Fura-Red (Ex 488 nm/Em 650 nm) as a
fluorescent Ca2+ indicator. The decrease of the fluorescence signal induced by receptor
activation in response to bourgeonal (100 sM) corresponds to an increase of the cytosolic
Ca+ concentration. The application of 200 stM adenosine triphosphate (ATP) served as a
control of HEK293S cell excitability. (B) In a randomly selected field of view, Fura Red
fluorescence intensities of odorant-induced Ca 2+ responses were recorded on four
individual cells (1, 2, 3, 4) as a function of time. hOR17-4 induces transient Ca2 *
signaling to consecutive stimulations by bourgeonal (1 sM; 100 [iM). Arrows indicate
the time point of odorant application. The preincubation (black bar) with the hOR1 ' 4
antagonist undecanal (100 sM) inhibited hOR17-4 activation by bourgeonal (100 [M)
during co-application (arrow) with undecanal (100 [LM). After subsequent odorant




5.3.3 Analysis of OR17-4 odorant binding using surface plasmon resonance
To assay the functionality of purified (non-membrane-bound) hOR17-4, we
developed an assay method using surface plasmon resonance (SPR) to demonstrate that
the solubilized receptor retains selectivity in binding odorant ligands in a concentration-
dependent manner. The rholD4 monoclonal antibody was covalently attached to the
dextran surface of a Biacore CM4 chip using standard amine-coupling chemistry. The
hOR17-4 receptor protein was then non-covalently bound to the antibody via its C-
terminal rho tag (TETSQVAPA). Figure 5.4 displays the SPR readout during the surface
assembly on the CM4 chip. Odorant ligands were then applied and odorant binding
detected in real time via the associated mass increase. Solubilized hOR17-4 receptors
bound the odorant bourgeonal in a concentration-dependent manner (Figure 5.5), and a




Where y is the fractional saturation and [L] denotes the odorant concentration. This
equation also assumes no ligand depletion ( [L] ~ [L]o ), which is valid as the
concentration of odorant far exceeds that of the immobilized olfactory receptor. The
fitted Kd was 9.5 pM, which is a rather weak interaction, as many other receptors have
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Figure 5.4 - Preparation of SPR chip surface for odorant binding assay. (A) Chip
surface is activated, followed by covalent attachment of rholD4 mAb by amine
chemistry, followed by a blocking step to react all remaining ester groups. The OR
protein is then applied and immobilized on the surface via its C-terminal rho-tag epitope
(B). The asterisk (*) denotes the zero RU point for the subsequent odorant binding
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Figure 5.5 - SPR determination of hOR17-4 affinity for bourgeonal. (A) Immobilized
hOR17-4 binds increasing concentrations of bourgeonal in a dose-specific manner. These
measurements were used to fit a dissociation constant of Kd = 9.5 pM using the steady-
state relation (B).
lilial and floralozone in a dose-dependent manner (Figure 5.6). Due to low odorant
solubility, the dissociation constant for these odorants could not be rigorously
determined, but was approximately in the low micromolar range. No binding was
detected for the non-specific odorant sulfurol acetate and no odorants were bound when
the receptor was denatured using guanidium HCl (data not shown). Thus, these results
indicate that hOR17-4 receptor retains its functionality in the solubilized state.
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Figure 5.6. Functional assay of purified hOR17-4 functionality using surface
plasmon resonance (SPR). Detection of functional OR-odorant interactions was
monitored in real time using a Biacore A100. The hOR17-4 was adsorbed onto the SPR
chip surface using the rho ID4 monoclonal antibody, and spectra were recorded following
odorant application. Immobilized receptor bound increasing concentrations of the specific
odorant ligands lilial (A) and floralozone (B). Odorant binding curves shown are: blank
control (black), 5 pM (red), 10 pM (light blue), 20 pM (dark blue), and 40 pM (green).
No response was seen for the control odorant sulferol acetate (result not shown).
Guanidium HCl-denatured hOR17-4 did not bind any odorants (result not shown). All
results are simultaneously subtracted from a reference channel containing mAb and blank
buffer.
5.3.4 Quantitation of hOR17-4 activity
Although we confirmed the purified hOR17-4 to be functional via SPR, it is
possible that only a small fraction of the receptor is truly functional and binding odorants
while the remainder is inert. Such concerns are warranted given the fact that the receptor
is solubilized by a zwitter-ionic detergent, which, as a class, are generally harsher than
non-ionic detergents, and it is possible that the bulk of the receptor is not functionally
active. Thus we performed quantitative analysis on the SPR data in an effort to determine
what percentage of the purified hOR17-4 receptor is binding specific odorants, based on
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bound mass detected by SPR. Such techniques have been previously used to quantitate
ligand binding for the GPCR chemokine receptors CXCR4 and CCR5 [7].
In SPR, the response units (RUs) are a measurement of the dielectric constant in
the region near the surface, which is directly related to the index of refraction (n). Thus,
SPR signals are not truly proportional to mass bound but instead are governed by the
equation [8]:
z(/A = X C <2>
Where X is a proportionality constant, C is concentration, and the quantity (dn/dc)
represents the refractive index increment (also known as differential refractive index). In
practical terms, (dn/dc) represents how much the refractive index changes for a given
change in concentration. In SPR, it is known that for proteins, 1 RU ~1 pg/mm2 and that
the (dn/dc) is 0.18 mL/g [8]. This relation hold for a large range of protein types and
sizes. However, it does not necessarily hold for small molecules such as odorants. This
protein relation can, however, be used to rearrange the above RU equation to a more
useful form:
C = <3>
Using this equation, we only need the (dn/dc) for the odorant ligand in order to calculate
its concentration (and thus the number of molecules bound by the immobilized hOR17-
4). Since this data is unavailable for the odorants in question, we can obtain a rough
estimate by using the Dale-Gladstone relation [9], which is typically accurate to within a




Where n is the index of refraction of the odorant, nsovIent is the index of refraction of the
solvent (1.33 for the HBS saline buffer [11]), and p is the odorant density. These odorant
properties are readily available on web-based chemical databases, and values were
obtained from [12] for lilial and [13] for floralozone. The values obtained were used to
calculate the odorant (dn/dc) values using equation <4> and these were in turn used in
equation <3> to calculate the concentration of odorant bound. The concentration of
immobilized hOR17-4 was also calculated using equation <2> using the standard protein
relation. Results for lilial and floralozone are shown in Table 3.
Table 3 - Quantitation of purified hOR17-4 receptor functionality.
Molecule RUs bound (dn/dc) fmol/mm2 bound
hOR17-4 2800 0.18 73
Lilial 8.1 0.172 41
Floralozone 7.6 0.187 38
We can see that the calculated odorant (dn/dc) values are nearly equal to that of
protein. The majority of immobilized hOR17-4 receptors bound specific odorants (56%
bound lilial and 52% bound floralozone). Additionally, since odorant solubility limits our
these ligand concentrations, we are not capable of completely saturating the receptors
(see equation <1>) and our estimate is that only -80% saturation is possible if the
receptors were 100% active, given a Kd ~ 10 ttM. Thus we feel confident in stating that
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the majority (>50%) of the purified, detergent-solubilized hOR17-4 receptors are
functionally active.
5.3.5 Characterization of hOR17-4 post-translational modifications
Olfactory receptors are believed to possess two disulfide bonds between fou-
conserved cysteine residues located in extracellular loops 1 and 2 (ECI and EC2) [14].
For hOR17-4, these two bonds are Cys97-Cys179 (EC1-EC2) and Cys169-Cys189 (EC2-
EC2). Analysis by mass spectrometry (chymotrypsin digest followed by LC-MS)
confirmed the presence of one of the two disulfide bonds (Cys 1 69-Cys 189) predicted for
olfactory receptors (Table 3). No corresponding unlinked peptides were detected,
indicating homogeneity. Presence of the remaining disulfide bond (Cys97-Cys 179) was
unconfirmed, as no corresponding peptides (disulfide-linked or unlinked) were detected,
presumably due to the resistance of the detergent-solubilized OR to complete protease
digestion.
Additionally, the N-linked glycosylation present on Asn-5 was determined to be
Man3GlcNac3. To our knowledge this is the first characterization of olfactory receptor
glycosylation. This hexasaccharide is also the predominant glycosylation seen in retina-
derived bovine opsin on Asn-2 and Asn-15 [15]. However, it is worthwhile to note that
rhodopsin heterologously prepared using the HEK293S GnTI~ cell line was found to have
the N-glycan Man5GlcNac2 [16], indicating hOR17-4 follows a different glycosylation








































































*Asn-5 modified with Man3-GlcNAc3
2819.1 2819.44
*Peptides linked via disulfide bond
Table 3 - Analysis of purified hOR17-4 by mass spectrometry. List of chymotryptic
hOR17-4 peptides identified by LC-MS. Amino acids in parentheses are those before and
after the assigned peptide in the protein sequence. "Ox" indicates oxidation (e.g. of Met).
5.4 Discussion
This work has confirmed that the engineered synthetic hOR17-4-rho gene encodes
a receptor protein with wild-type function in the cell membrane and the protein retains
this functionality, as ascertained by an SPR-based odorant binding assay, in the FC14-
solubilized state. The purified protein also had correct secondary structure and possessed


























translational modifications were confirmed, including a homogeneous disulfide bond in
the second extracellular loop and an N-linked hexasaccharide glycosylation on Asn5.
Despite the success of the SPR assay, a simpler, faster alternative would be
desirable as the assay is time consuming and requires significant optimization and is thus
not easily applicable to screening many odorant-OR combinations. However, now that
one method to measure solubilized-OR functionality is in place, we can, by correlating
with the SPR assay, begin to investigate more rapid methods of ascertaining olfactory
receptor functionality. Other membrane proteins have been shown to display changes in
spectroscopic characteristics as they degrade, unfold and lose function. Two such
examples are photosystem-I [17] and rhodopsin [18]. Despite the fact that this might be
expected as these are both light-sensitive proteins, spectroscopic shifts could correlating
with odorant binding or loss of receptor function.
To explore this, a number of techniques can be investigated, such as shifts in
tryptophan fluorescence upon odorant binding. Another technique that holds promise
would be to perform far-UV CD measurements on OR secondary structure with the
addition of odorants. Such assays have already been shown to detect ligand binding in the
GPCR 5-HT4a, a result of disulfide bond shifting [19].
OR stabilization using surfactant-like peptides
An addition avenue to explore is the functional stabilization of ORs in solution.
While the detergent-solubilized hOR17-4-rho protein was functionally active in our SPR
assay, the lifespan of this activity has not been tested yet. However, the SPR and CD
assays will allow us to investigate means of stabilizing the olfactory receptors in solution
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using other detergents and surfactant-like peptides. Previous work of this lab has
successfully kept membrane proteins functionally stable in both wet (aqueous) and dry
(powdered) states for periods as long as several weeks with the use of the peptide
detergents such as A6K and V6D [17, 20]. Stabilized proteins were additionally found to
be resistant to high temperature thermal denaturation.
Self-assembling surfactant-like peptides are key tools in the study of membrane
proteins. These short peptides consist of a charged or polar head group followed by a
string of hydrophobic amino acids, thus mimicking an amphipathic lipid. These
molecules show the remarkable ability to spontaneously self-assembly into
macromolecular structures such as micelles, nanotubes, and nanovesicles [21]. The
designed peptide detergents also have several advantages for study of diverse membrane
proteins: 1) Their biochemical properties resemble common detergents with similar
critical aggregation concentrations (CACs) and appear not to denature membrane proteins
and membrane protein complexes. 2) They are chemically and structurally simple and
can be custom tailored for a variety of uses. 3) They are obtainable at high purity, readily
soluble in water, and stable at ambient temperature. 4) They can be used together in a
combinatorial manner and in conjunction with commercial detergents.
Due to their detergent properties, the small peptides can extract integral proteins
from membranes and enhance their solubility in aqueous solutions (see Figure 5.7). This
peptide coating can effectively mimic the natural environment of the lipid membrane, and
work by the Zhang lab has demonstrated that membrane proteins can be stabilized and
remain functional both in liquid as well as dry (powdered) environments for many weeks.
Additionally, self-assembling surfactant peptides have been shown to facilitate
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crystallization of membrane proteins, potentially leading to X-ray diffraction data aid
ultimately to valuable structural information. All of these aspects are directly applicable
to our study on olfactory receptors.
peptde detergent
displacement
0-cationkI peptide surfactant (e.g.. A6K)
Figure 5.7 - Depiction of surfactant-like peptide solubilization and stabilization of
membrane proteins.
Surfactant-like peptide can be varied in several parameters such as the type
(charged / polar) and number of hydrophilic residue(s) used, hydrophobic tail length, and
type of hydrophobic residues used. See Figure 5.8 for a diagram of surfactant-like
peptide structure. Additionally, multiple types of surfactant-like peptides can be used in
conjunction to synergistically stabilize the receptors. We hypothesize that such a
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Figure 5.8 - Molecular model of surfactant-like peptides. A6K is cationic while V6D
is anionic. Ac refers to acetylation of the N-terminus, which aids in peptide stability.
5.5 Methods
Circular Dichroism Spectroscopy
Spectra were recorded at 15*C using a CD spectrometer (Aviv Associates, Model
202). Far-UV CD spectra were measured over the wavelength range of 195-260 nm with
a step size of 1 nm and an averaging time of 5 s. Near-UV CD spectra were measured
over the wavelength range of 250-350 nm with a step size of 1 nm and an averaging time
of 10 s. All spectra were the average of 5 replicate scans. Spectra shown for purified
hOR17-4 were blanked to wash buffer (concentrated to same extent as hOR17-4 sample)
to remove effects of the detergent FC 14. All measurements are reported in mean residue
ellipticity (degrees * centimeter squared per decimole). Protein concentration was
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determined from the aromatic absorption in 6 M Guanidinium HCl, pH 6.5 [22]. The
secondary structural content was estimated using the online resource K2D
(http://www.embl-heidelberg.de/%7Eandrade/k2d.html) [3].
Fluorescent Spectroscopy
Spectra were recorded at 25*C in a 1 cm path length semi-micro quartz cuvette
(Hellma) using a Fluoromax-2 spectrofluorometer (Instruments SA, Inc., Jobin Yvon-
Spex). Samples were excited at 280 nm and emission spectra collected from 300 - 500
nm with a step size of 1 nm and an integration time of 0.1 s. All spectra were the average
of 3 replicate scans. Purified hOR17-4 was diluted in wash buffer to a concentration of 25
pg/ml to avoid signal saturation, and spectra were blanked a control wash buffer to
remove effects of the detergent FC14.
Calcium Signaling
hOR17-4 expression in the stable HEK293S cell line was induced by 48 hour
incubation in DMEM/F12 medium with GlutaMAX (Invitrogen), supplemented with i
pg/ml tetracycline. Then cells were loaded at 37 *C for 30 min with 10 mM Fura-Red-
AM (Molecular Probes) in serum-free DMEM/F12 medium and were subsequently
washed with PBS and incubated in DMEM/F12 medium containing 10% FCS for 30 min
to allow complete hydrolysis of intracellular Fura-Red-AM. Cytosolic Ca2 responses
were recorded by confocal fluorescence microscopy (Zeiss LSM 510) using a water
immersion objective (Zeiss Achroplan 63 NA 1.2). Excitation was at 488 nm (Ar+ laser);
the 650 nm long pass emission filter was used to image Fura-Red at a rate of 1 image per
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second. Stock solutions of the tested odorants were prepared freshly in
dimethylsulphoxide and diluted 1000-fold into phosphate-buffered saline (PBS) to give
the desired concentrations.
Surface plasma resonance (Biacore A100) odorant binding assay
All odorant binding experiments were performed on a BiacoreTM A100 (GE
Healthcare, Uppsala, Sweden) at 25*C. A BiacoreTM A100 was used in the present
studies since it has a parallel flow configuration thus allowing assay development (e.g.,
solubilization conditions) to be tested and optimized in parallel in a multiplexed format.
The sensor chip CM4, amine coupling kit, HBS (10 mM Hepes, 0.15 M NaCl, pH 7.4)
and PBS were from (GE Healthcare, Uppsala, Sweden).
The rholD4 monoclonal antibody (40 pg/ml in 10 mM sodium acetate, pH 5.5)
was immobilized onto a series S sensor chip using standard amine-coupling chemistry in
HBS running buffer at 10 pl/min [23]. The amount of coupled rholD4 was about 5500
RU. Control surfaces were prepared similarly without protein derivatization and utilized
as a reference surfaces for odorant binding experiments.
HEK293S hOR17-4-rho cells were induced with 1 ug/mL tetracycline plus 5 mM
sodium butyrate for 48 hours and then scrape harvested 48 hours post-induction. The
cells (5 x 106 cells/ml) were lysed with 1.5% FC-14 for 90 min at 44C. The lysed cell
suspension was centrifuged for 10 minutes at 14000 x g at 4 *C to remove cell debris.
The supernatant, containing the solubilized olfactory receptor, was immediately captured
on the surface plasmon resonance (SPR) chip using PBS, 1 mM Anzergent 3-14
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(5xCMC), 5 mM TCEP, and 1.5 % (v/v) ethanol as running buffer at 10 pl/min. A four-
minute injection resulted in a surface density of about 2800RU.
Fresh odorant solutions were made as follows. Pure odorant was diluted in
ethanol to 0.5 M. This solution was diluted 67 times in PBS, 1 mM Anzergent 3-14, 5
mM TCEP, to obtain a 7.5 mM odorant solution in running buffer with 1.5 % (v/v)
ethanol. Further dilutions were made in running buffer containing 1.5% (v/v) ethanol to
obtain a concentration series of 5pM, 10pM, 20pM and 40pM of the odorants.
For the actual odorant binding measurements, the odorant concentration series
were injected from low to high concentration over control and derivatized surfaces for 30
seconds with a flow rate of 60 pl/min. Zero concentration blank buffer cycles were
included as negative control samples. Solvent correction procedures were included to
compensate for any ethanol related bulk refractive index variations and performed as
described previously [24]. Non-specific binding effects to sensor surface CM4 were
absent for all analyses reported. Data analysis was carried out using Biacore A100
evaluation software. Data were prepared by subtraction of reference surface data and
blank buffer sample data, a procedure commonly referred to as double referencing [25].
Solvent correction was then applied as described previously [24].
Mass Spectrometry
Liquid samples of purified monomeric hOR17-4 were subjected to chymotrypsin
digestion and the resulting fragments analyzed using LC-MS by the MIT Koch Institute
Proteomics Core Facility (Cambridge, MA). Proteolytic peptides were separated using
0.075 mm x 15 cm Ci8 column on a nano-HPLC system (TEMPO from Applied
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Biosystems). Gradient elution with a water-acetonitrile-formic acid solvent system of
peptides was carried out at a flow rate of 250 nL/min over 87 min. Electrospray mass
spectra were acquired with a quadrupole time-of-flight mass spectrometer (QSTAR Elite
from Applied Biosystems).
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No detailed structure for any olfactory receptor has ever been resolved by X-ray
diffraction. For an excellent review of the current state of membrane protein purification
and crystallization, see [26] on the previous page. Current structures are rough
estimations based on computational modeling and comparisons to rhodopsin. In order to
find suitable crystallization conditions, many thousands of solutions must be screened.
Following the initial bioreactor purification, we sent 1.5 mg (300 pLL of 5 mg/mL hOR17-
4 monomer) to Dr. Duncan McRee at Active Sight in San Diego. The protein was then
subjected to automated crystal screening using the Phoenix system, which is capable of
sub-microliter condition volumes. Over 1200 conditions were tested, using Qiagen kits
(MB I & II, MEMFAC, JCSG, JCSG CORE 1 - 4, PEG I & II, PEG ION, INDEX).
Crystals were grown at 4"C and 20"C. Additionally, I set up 148 conditions here in
conventional hanging drop plates at room temperature for potential diffraction-grade
crystals. Several promising conditions were discovered, as seen in Figure A.1. Notably,
all used the precipitant polyethylene-glycol-400 (PEG-400) and alkaline pH.
Following the second bioreactor purification, we sent 7.5 mg (750 pL of 10
mg/mL hOR17-4 monomer) to Dr. Eva Pebay-Peyroula at the Institute for Structural
Biology in Grenoble, France for high-throughput crystal screening (started 7/16/08).
They set up screening trials using both classical detergent-solubilized methods as well as
cubic lipid phase crystallization. Additionally, the PEG-400 and high pH conditions are
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35% PEG-400 36% PEG-400 34% PEG-400 35% PEG-400
0.1M TrisHCI, pH 8.7 0.1M CAPSO, pH 9.2 0.1M CAPSO, pH 9.4
C.
2
Figure A.1 - Hanging drop crystallization of purified monomeric hOR17-4. Control
consists of the same solubilization buffer used during OR purification
(solution was concentrated to same extent as OR sample to ensure equivalent detergent
concentration).
being more thoroughly explored due to the results from my hanging drop crystallization
experiments. As crystallization can take many months to generate results, we are awaiting
the latest screening data and hope that a suitable condition can be found so that we can
proceed to X-ray diffraction in the hopes of obtaining the first high-resolution structure
for an olfactory receptor.
Early studies in collaborating laboratories have shown that surfactant-like
peptides can facilitate and enhance membrane protein crystallization (Joanne Yeh, Brown
University, unpublished data). These surfactant-like peptides could prove vitally
important in future attempts at the crystallization of hOR17-4 and other ORs.
Additionally, the use of ORs known to bind to certain odorants will yield the possibility
of getting structures for receptor-odorant complexes.
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A.2 Additional Cell Lines Constructed
In addition to the previously discussed HEK293 stable cell lines constructed to
express either rho-tagged hOR17-4 or hOR17-4(N5Q), we constructed and subcloned
HEK293S stable cell lines which had tetracycline-inducible expression of several
differently tagged versions of hOR17-4 to explore alternate purification. In each case, the
corresponding gene was designed, synthesized and inserted into the pcDNA4/To T-REx
vector, and stable cell lines were grown, subcloned, and screened as described earlier in
Chapter 3 and in Appendix B.3. All subcloned stable-inducible lines have been
cryopreserved for future use.
His-tagged hOR17-4
The His-tag (comprising a stretch of six histidine residues) has been ubiquitous in
general protein purification as it is efficient, simple, and low cost. As the rholD4-based
purification method relies on a rather expensive antibody ($6000 per gram), we also
investigated whether His-tag purification could be used as an alternative. A custom
hOR17-4 gene was synthesized by PCR-based gene assembly to contain an N-terminal
fusion to both a His-tag (for purification) and a FLAG-tag (for immunodetection)
epitope. The FLAG tag (DYKDDDDK) can also be used for purification using the anti-
FLAG M2 antibody affinity resin available from Sigma-Aldrich. The peptide sequence
was MRGSHHHHHHGGDYKDDDDK followed by a two-glycine linker sequence. No
C-terminal rho-tag was used in this construct. The construct was designated HF-hOR17-4
(HF standing for His-FLAG). Stable cell lines in HEK293 cells were constructed as
described in Chapter 3.
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When expression of HF-hOR17-4 was induced using either tetracycline alone or
tetracycline plus sodium butyrate enhancer and analyzed via SDS-PAGE western
blotting, we discovered that only the 30 kD monomer form of the receptor was present.
This could be due to the N-terminal fusion tag interfering with the N-linked glycosylation
known to produce the 32 kD monomer form. We also noticed that, when compared to
hOR17-4-rho, the same induction treatment led to significantly greater toxicity in the HF-
hOR17-4 construct, even when comparing multiple subclones. Whereas significant
toxicity was only observed for hOR17-4-rho under very high induction conditions (1
pg/mL tetracycline plus 5 mM sodium butyrate), a similar amount of toxicity was
observed for HF-hOR17-4 under tetracycline alone. Thus it is possible that the His-
FLAG-tagged variant is inherently more toxic to the cells, and this effect precludes its
further processing by glycosylation.
Nevertheless, we attempted to purify the HF-hOR17-4 using immobilized metal
ion affinity chromatography (IMAC) followed by gel filtration chromatography. As can
be seen in Figure A.2, the IMAC eluate contained a significant number of contaminating
bands, due to non-specific interactions of other proteins with the nickel column. Even
after a two-step purification (IMAC followed by size exclusion chromatography), the
monomeric HF-hOR17-4 could not be separated from the contaminants and only 70%
purity could be obtained (whereas >90% was possible using the rho-tagged construct).
The yield of HF-hOR17-4 was approximately 40 micrograms per 150 mm tissue culture
plate and we were able to purify 0.4 milligrams of the monomeric fraction, though still
impure. The HF-hOR17-4 protein also readily precipitated when concentrated, unlike the
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rho-tagged version. We therefore chose to abandon this method in favor of the much
more successful rho lD4 immunoaffinity method described in the body of this thesis.
A +oT.d,.Tyal(mM) 0.5mM 1mM 2mM
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Figure A.2 - Analysis of His-FLAG-tagged hOR17-4. (A) SDS-PAGE anti-FLAG
immunoblot of HF-hOR17-4 induction in stable HEK293S cell line (Clone 23). Only the
30 kD monomer form is seen, even under low levels of induction (tet only). (B)
Comparison of affinity purified hOR17-4 variants, either rho-tagged (rho1D4
immunoaffinity chromatography) or his-flag-tagged (IMAC). (C) Comparison of variants
after two-step purification (affinity followed by size exclusion chromatography). Gel
filtration fractions loaded were early aggregate (A), dimeric (D), and monomeric (M).
Even after two stages of purification, the his-tagged "monomeric" fraction still contains a
large amount of contaminants.
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Untagged hOR17-4
We have also generated stable inducible HEK293S cells that express an untagged
version of hOR17-4, should future research show that the C-terminal rho-tag interferes
with structure or function. This required the use of custom anti-hOR17-4 polyclonal
antibodies in order to detect the wild-type receptor. Both anti-N-terminal and anti-C-
terminal antibodies were raised by rabbit immunization using synthesized peptides
corresponding to hOR17-4 amino acid sequences. These epitope sequences needed to be
easily accessible and so we selected sequences at the extreme termini and made sure they
ended at least five amino acids away from the predicted transmembrane regions. The
peptides used were DGGNQSEGSEFC for the N-terminus and CRLLDKHFKRLT for
the C-terminus. The rabbit inoculation and antibody purification (by affinity) were
performed by Genscript (www.genscript.com).
Following construction of the untagged hOR17-4 gene and subsequent
establishment of a subcloned stable-inducible HEK293S cell line, the expressed hOR17-4
was characterized by SDS-PAGE immunoblotting using the custom antibodies against
both termini of hOR1 7-4. As was the case for the His-FLAG-tagged variant, the untagged
version showed significantly higher cellular toxicity than the hOR17-4-rho construct, and
cell death was seen even when inducing with tetracycline alone. The immunoblots were
considerably dirtier than the monoclonal rholD4 western blots, and numerous non-
specific bands were seen. Importantly, only the 30 kD monomer form was seen (Figure
A.3), as was the case for HF-hOR17-4-rho. Another observation is that both antibodies
reacted to a 15 kD band, which could be a cleaved form of the receptor (essentially cut in
half). This band is also seen in His-FLAG-tagged hOR17-4 (see Figure A.2b and A.2c),
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but not in rho-tagged hOR17-4 (see Figure A.3). Thus it is reasonable to conclude that is
the increased toxicity (and likely ER accumulation and stalling of post-translational
processing) of both the untagged and His-FLAG-tagged versions of hOR17-4 that
prevents their glycosylation on Asn5 and potentially causes degradation. Exactly why the
rho-tagged version is less toxic remains to be seen, as the protein still retains normal
signal transduction and functional activity when assayed by cell surface calcium imaging,
w3 w2
++NO moo+
















Figure A.3 - Analysis of untagged hOR17-4 expression. Three separate hOR17-4
expressing clones are shown (w3, w2, and w6), either untreated (-) or treated for 48 hours
with 1 pg/mL tetracycline (+) or tetracycline plus 1 mM sodium butyrate (++). SDS-
PAGE was followed by immunoblotting with both anti-N-terminal and anti-C-terminal
custom polyclonal antibodies.
Additional hOR17-4 mutant versions
In addition to the hOR17-4(N5Q) mutant cell line, which was deficient for N-
linked glycosylation on Asn5, we constructed three additional inducible HEK293S cell
lines carrying mutated versions of hOR17-4. As hOR17-4 contains another potential
glycosylation site at Asn195, we thought to eliminate this site as well, in order to ensure
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completely homogeneous receptor monomer should future research require it. Thus we
constructed genes and subsequently produced cell lines that inducible express either
hOR17-4(N195Q) or hOR17-4(N5Q,N195Q). Expression in these cell lines have not
been fully characterized yet, but we would expect the N195Q variant to have little effect
on the 32 kD monomer form, but could Asn195 glycosylation could perhaps be
responsible for the faint band we frequently see at ~33 kD. The double mutant
(N5Q,N195Q) should therefore eliminate both of these forms, resulting in only the 30 kD
form being expressed.
After constructing the original hOR17-4-rho gene, additional human genome
sequence data showed a polymorphism to exist at amino acid residue 25, with the two
major variants in the population being glutamine (Q) or arginine (R). Our original
construct had a glutamine at this position, so for future research we also created the
alternate variant hOR17-4(Q25R) gene and stably-inducible cell line.
A.3 Detection Using Custom Antibodies
In section A.2, I described the generation and use of custom anti-hOR17-4
polyclonal antibodies raised against the N-terminus or C-terminus of the hOR174
protein. In addition to using these to construct and characterize untagged hOR17-4-
expressing cell lines, these antibodies were also used to probe both the rho-tagged and
His-FLAG-tagged variants of the receptor via SDS-PAGE immunoblotting. Prior to the
experiment, I hypothesized that the anti-C-terminal antibody might have trouble detecting
hOR17-4-rho, as the C-terminal rho-tag could presumably interfere with antibody
binding. Similarly, the anti-N-terminal antibody might have difficulty detecting the HF-
hOR17-4 protein due to its N-terminal His-FLAG tag. Additionally, the glycosylation
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seen for the hOR17-4-rho protein should prevent the anti-N-terminal antibody from
recognizing the 32 kD monomer band since Asn5 comprises part of its epitope.
When the immunoblots were performed on induced cell samples (Figure A.4), all
these hypotheses were confirmed, with the exception that the anti-N-terminal antibody
had no trouble recognizing the HF-hOR17-4 protein. The 15 kD band, which could
potentially be a cleaved form of hOR17-4, was seen for the His-FLAG tagged protein but
was absent for the rho-tagged version. This is further evidence that the hOR17-4-rho
protein is more stable in this cell line and can be correctly processed via glycosylation
and targeted to the cell membrane.
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Figure A.4 - Detection of tagged hOR17-4 variants using custom polyclonal
antibodies. Either HF-hOR17-4 (HisFlag) or hOR17-4-rho (Rho) expressing clones were
either untreated (-) or treated for 48 hours with 1 pg/mL tetracycline (+) or tetracycline
plus 5 mM sodium butyrate (++). SDS-PAGE was followed by immunoblotting with the
indicated antibody. The anti-C-terminal antibody had difficulty recognizing the rho-
tagged variant, while the anti-N-terminal antibody did not effectively bind the 32 kD
(glycosylated) monomer form of hOR17-4-rho, despite equal amounts of the two forms
(see anti-rho blot).
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APPENDIX B:
EXPERIMENTAL PROTOCOLS
B.1 Gene Design Using DNAWorks
Go to:
http://helixweb.nih.gov/dnaworks/
1. Enter job name (such as hOR174)
2. Enter your email address
3. Do not check mutant run
4. Codon Frequency - check either "H. Sapiens" (for mammalian cell expression) or
"E. Coli Class II" (for bacterial expression)
5. Parameters:
a. Annealing Temp: 60"C
b. Oligo Length: 40-50 nt
i. Try 40 first (shorter usually gives lower error rate in synthesis)
ii. You can also enter a range (from 40-50) and just put 60"C in both
temperature fields
iii. Or, you can try length of 50 and selecting the "random" option
(this will allow the lengths to be non-uniform)
c. Codon Frequency Threshold: 19% (human) / 15% STRICT (e. coli)
d. Oligo concentration: 25E-9 M (25 nM)
e. Na+/K+ concentration: 0.05 M (50 mM) - default value
f. Mg2+ concentration: 0.002 M (2 mM) - default value
g. Number of solutions: 10
h. TBIO mode: do not check
6. Restriction site screen:
a. Non-degenerate, select EcoRI and NotI (or whatever sites you are using to
clone in your gene)
b. Be sure to hold down command to select BOTH sites!
7. Sequences:
a. Click "Add sequence field" twice (for the 5' and 3' headers)
b. Sequence 1: 5' DNA sequence leader (restriction sites, ribosome binding
site)
(example: EcoRI/Kozak header CCTGAATTCGCCGCCACC)
c. Sequence 2: your protein sequence with any tags included in single letter
amino acid format
i. Be sure to end protein coding sequence with an X (for stop codon)
ii. for rho lD4 tag, add GGTETSQVAPA to C-terminus (BEFORE
the stop codon, of course)
iii. also add other tags to N- or C- terminus (be sure to add glycine
linkers!)
d. Sequence 3: 3' DNA sequence flanker
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(example: NotI flanker GCGGCCGCGAGAAG)
8. Click "Design Oligos"
9. Results will be emailed to you
a. Lower scores are better (and lower Tm range). An score of less than 1.000
is desirable.
b. Examine and compare the lowest scoring oligo sets and choose the best
one to order.
c. Note that the NotI site will always give you some repeat, GC-rich, and
pattern score
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Sample of a DNAWorks3.1 output trial
Trial shown was used in the design of the olfactory receptor M71-rho
gene.
PARAMETERS FOR TRIAL 67
---- ---------------------------------------------------------
Total Size Of Gene ......... 995 nt
Protein Residues ........... 321
Mutatable Residues ......... 307
Fixed Nucleotides .......... 74 nt
Oligo Size ................. 46 nt
Annealing Temp ....... .60 +/- 1*C
Oligo Concentration ..... 2.50E-8 M
Sodium Concentration .... 5.00E-2 M
Mg2+ Concentration ..... 2.OOE-3 M
Codon Frequency Threshold .. 19%
Repeat Threshold ........ 8 nt
Mispriming Threshold ... . 8/18 (6 exact) nt
-----------------------------------------------



















The oligonucleotide assembly is:
-------------------------------------------
1 10 20 30 40 50 60
1 1 1 | | I 1
1 --- > 3 --- >
1 CCTGAATTCGCCGCCACCATGACCGCTGAAAACCAAAGCACCGTG ttatcctc
GACTTTTGGTTTCGTGGCACTGGCTCAAATAGGAG
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961 agccaggtcgctcc
** ** * * * *














codon usage score ...........
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DETAILED CODON FREQUENCY REPORT




















































































































































40% - 44% 11
45% - 49% 44
>= 50% 90
Total Codons Used = 321











Tm Range = 1.7













Lowest Overlap = 16















1 repeats greater than 8 nt:
PR Posl = 982 Pos2 = 982 Size = 8 Seql = GCGGCCGC
Seq2 = GCGGCCGC














































B.2 PCR-based Gene Assembly (PCA)
We highly recommend oligos to be ordered from IDT (idtdna.com) as they consistently
have the lowest error rates. Oligos from IDT come in plate format at 50uM concentration.
For the PCR reactions we recommend Pfu Turbo Hotstart polymerase (Stratagene).
Combine oligos for assembly in equal proportions (for example, ~20 ul each). Vortex
well to mix. Final concentration will be 50uM total, but 50/(# oligos) uM for each oligo.
Thus, having a pool of 34 oligos means each is at 1.47 uM.
Also combine end oligos (10 ul each) and add 8 parts milliQ H20 (80 ul), so that final
concentration of each is 5 uM. This is the primer end mix used in PCR 2.
OCR 1: Assembly, 50 ul reactions
volume reagent initial conc final conc
5 uL lOx cloned buffer (for Pfu lox lx
Turbo Hotstart)
1.25 uL dNTP mix 10 mM each 250 uM each
0.5 uL pooled oligos 50/# uM each 500/# nM each
(50 uM total) (500 nM total)
1 uL polymerase (Pfu Turbo 2.5 Units
Hotstart)
42.25 uL distilled water
50 uL total
* Note: some reactions appear to work better if individual oligo conc is constant (25 nM
each oligo) and not total oligo conc. Thus, for 34 oligos you would add 0.85 uL pooled
oligos (instead of 0.5 uL) - in this case, total oligo conc would then be 850 nM. Note that
in this method, there is a risk of dNTP depletion.
Average oligo extension is -1/2 gene length
In 5OuL rxn, have 50 nmol total dNTPs and 25 pmol total oligos (if 500 nM total)
Thus about 2000 fold excess of dNTPs
If gene is lkB, then FULL extension will only use about 25% of dNTPs
If keep each oligo constant, then will use up more dNTPs (43% if have 34 oligos)
PCR1 program:
94 C hot-start - 2 minutes
30-50 cycles (we use 40 by default; occasionally, more are needed)
94 C denaturation 30 seconds
55 C annealing 30 seconds
72 C extension 1.5 minutes
72 C final extension 2 minutes
4 C hold
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If the products of this reaction are run on a gel, the normal result is a smear, with the
lower edge running about the same as the lengths of the oligos, and the upper edge
slightly higher than the expected product length.
PCR 2: Amplification, 50 ul reactions
The 2"d PCR is more like normal PCR, using two primers to selectively amplify the
correct length fragment from the mixture created by assembly PCR above. These primers
can simply be the oligos .used at the beginning (5' end) of each strand for gene assembly
in PCR 1. CAUTION: the small amount of PCR
contain some Pfu polymerase which has already
procedure. Thus, it is a good idea to add the 1 ul
the program.
product from the previous reaction will
been activated by the hot-start
of PCR product last, just before starting
amount reagent initial conc final conc
5 uL 1 Ox cloned buffer (for Pfu Turbo 1Ox lx
Hotstart)
1.25 uL dNTP mix 10 mM each 250 uM each
3 uL Primer ends mix 5 uM 300 nM
1 uL product from assembly PCR ? ?
1 uL polymerase (Pfu Turbo Hotstart) 2.5 Units
38.75 uL distilled water
50 uL total
PCR2 program:
94 Celsius hot-start - 2 minutes
30 cycles:
94 C denaturation 30 seconds
58 C annealing 30 seconds (varies depending on the particular primers, we'll
typically use 50 C)
72 C extension 1 minute (for sequences > 1 kb, use 1 minute per kb)
72 C incubation 2 minutes
4 C hold
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B3 Stable HEK293S Colony Subcloning and Screening
Cells were transfected using Lipofectamine 2000 (Invitrogen) for 16 hours, according to
the manufacturer's protocol for HEK293 cells. Two days later the media was changed to
selective plate media containing blasticidin and zeocin:
Blasticidin Zeocin (selection)
HEK293S cells: 5 pg/mL 250 pg/mL
HEK293 GnTI- cells: 5 pg/mL 50 pg/mL*
, Once the cell line has been established, use 25 pg/mL zeocin (half as much) in
HEK293 GnTI- cells to maintain the stable cells.
After three weeks, a stable cell line had been established. In order to establish syngeneic
colonies, the cell culture was split to yield a very low density of one single cell per low-
power microscope field (approximately 50-100 cells per 150mm culture plate). Colonies
were grown in selective media until they reached a size of 1-3 millimeters, whereupon
the media was changed to PBS. Single colonies were aspirated using the a sterile pipette,
and transferred to a new well of a 24-well plate containing 1 00pL trypsin and broken up
and resuspended by pipetting up and down. After 1 minute, 1 mL of selective plate media
was added to inactivate the trypsin, and cells were incubated overnight to allow
attachment. Media was then changed again and cells were grown until confluence,
whereupon they were split for inducible-expression screening.
To split grown-up colonies for treatment:
(note: it's generally easier to do the following procedure 3 wells at a time (thus filling up
a complete 12-well plate with each set))
1. Aspirate media and add ImL PBS to well
2. Aspirate and add 1OOuL trypsin to well
3. Place in incubator for several minutes
4. Resuspend with ImL of media (will be 1.lmL with the trypsin) and distribute to 4
wells of a 12-well plate as follows:
a. Top 3 wells get 340uL
b. Last well gets remainder (will use later to grow up the cell line)
c. Then add lmL media to each of those 4 new wells
d. Rock plate (or bonk against table) to distribute cells evenly
5. Repeat for rest of colonies (can thus put 3 colony trials on one 12-well plate)
6. Once cells are near confluence, treat with drugs:
a. [-] Untreated, [+] tet only (1 ug/mL), [++] tet + NaBu 2.5-5mM, untreated
(grow up to establish the cell line)
b. Be sure to change the media on the untreated wells too!
c. Harvest the 3 treated wells (-, +, ++) after 48 hours (see above)
d. Keep the final well growing. After analyzing the samples, pick the best
ones and split them into 100mm plates to establish the cell line. Maintain
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the presence of the T-REx system by growing in media containing
blasticidin and zeocin. Keep growing up for purification experiments and
be sure to cryopreserve some aliquots for future use.
To harvest treated samples:
(note: if many samples, easiest to do in "shifts" of 18 since cold room centrifuge can only
hold 18 tubes)
1. Aspirate media and add 1 mL PBS to well
2. Pipette up and down over entire well surface to resuspend cells, then transfer to a
labeled microcentrifuge tube
3. Spin down cells at 10,000 rpm for 5 minutes at RT
4. Remove PBS
5. Resuspend cell pellet in 120uL of cold PBS + protease inhibitors
6. Add 3OuL of cold 10% FC14 detergent (in PBS) - final concentration will be 2%
o Ensure cells are suspended when detergent is added (vortex if necessary)
o Do not pipette up and down after detergent addition!
7. Invert tube to mix and solubilize receptors by rotating for 60 minutes at 4*C
o Use the rotator in the cold room
o If many tubes, can pack 6 per 50mL conical and then rubber band those in
place on the rotator
8. Spin in cold-room centrifuge at 13,000rpm for 30 minutes to pellet insoluble
material
9. Transfer 1 OOuL of supernatant to a new tube (PCR tube strips work well)
o Take 1OOuL from the top and avoid the pellet!




* Thaw samples to run on ice
* Prepare IL of NuPAGE MOPS buffer (50mL of the stock + 950mL diH20)
o MOPS buffer stock is under the electrophoresis bench area in a white box
o After making, put in cold room so it gets to 4*C
* Prepare samples according to Novex NuPAGE procedure card
o Usually run the following:
- 1-4 uL of sample
- 2.5 uL of 4x LDS
- 1 uL of 1 Ox reducing agent
- milliQ H20 to 10 uL total volume
o For ladder there is no need to add anything else
* Let samples sit at RT for >15 minutes (don't heat samples as it causes aggregation)
* Prepare Novex NuPAGE 10% Bis-Tris gel and place into an assembled Novex gel
box. Pour about 1 OOmL of MOPS buffer into bottom of gel box
e Put 200mL of MOPS buffer in new bottle and add 500uL antioxidant, then fill inner
chamber with this solution
* Add regular MOPS buffer to outer chamber until half full
* With a 200uL pipettor, briefly rinse out each well
* Apply samples to wells using gel loading tips (20uL pipettor)
o Be careful of bubbles! (watch the tip and stop when sample is at the end)
o Best method is to keep tip close to the well bottom as you apply sample.
This results in less mixing of sample with the MOPS buffer.
o Load 1 OuL of Rainbow marker for all ladder lanes
* Move gel box to cold room and run at 1 OOV (constant voltage) until the blue dye
runs off the bottom. This will take several hours. For best resolution of hOR17-4,
you can run until the green marker (25kD) is about 2cm from the bottom.
* After the SDS-PAGE is complete:
o For immunoblotting, perform transfer protocol (below) followed by
western protocol (below)
o For total protein staining, stain gel with Sypro Ruby (Molecular Probes)
using the manufacturer protocol.
Transfer (Bio-Rad MiniTrans Blot)
1) Get out a Nitrocellulose Membrane sandwich (from Bio-Rad). They are in a small
box under the gel electrophoresis bench. They are precut squares about the same
size as the gels we use. (Filter paper I Membrane I Filter paper)
2) Get out transfer case (green) with the red/black/white stuff inside.
3) Fill ice tray (pack down) and place in case
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4) Fill up transfer case ~2/3 full with 1x transfer buffer (newer)
5) Ensure small magnetic stir bar is in bottom of case
6) Get out plastic tub (above my bench) as well as glass roller
7) In tub, place one transfer cassette open, black on right side, put 1 pad (white
sponge) on each side, and put membrane sandwich on left (clear side)
8) Pour a layer of 1x transfer buffer (older) into tub and wet pads and membrane
sandwich
9) Take gels out of NuPAGE box and crack open perimeter using tool above the sink.
10) Gel will stick to one of the plates -just throw out the other one
a. Note - if gel sticks to the taller plate it will effectively be flipped over (left
to right) from how you loaded it. Be sure to flip it over again with your
fingers during step 12
11) Use a razor blade to trim off bottom "lip" of gel as well as the well combs.
12) Use water and fingers to loosen gel from plate (flip it over with fingers, if
necessary)
13) Use tweezers to move top piece of filter paper (on membrane sandwich) over to
right (black) side, exposing the membrane. Ensure membrane is wetted with
transfer buffer.
14) Place trimmed gel (right side up!) on top of membrane & gently roll out bubbles
with glass roller.
15) Place filter paper (from black side) back on top and gently roll out bubbles
16) Place right hand side pad on top, fold over black side and secure the clamp
a. Note: make sure gel is between membrane and black side, or else proteins
will transfer OUT INTO THE BUFFER!
17) Place transfer sandwich in transfer case with black side to black side
18) Repeat for 2 "d gel, or else just place empty sandwich in 2nd slot
19) Fill case with 1x transfer buffer until ~1cm from lip and put on lid
20) Run in cold room (4*C) while stirring at 0.25 amps = 250 milliamps (constant
amps) for 1 hour
a. Note: can also run overnight at 30V
b. Transfer buffer can be reused several times)
21) Disassemble transfer cassettes and ensure that protein has transferred to gel
a. can tell by looking at membrane for reflection of protein bands AND by
transfer of colored protein ladder
b. note that smaller proteins transfer faster than larger ones (so should
increase transfer time for very large (>1 OOkD) proteins)
22) Mark (dot with lab marker) protein ladder bands (since they can fade in
subsequent steps)
Dt Blotting:
For dot blots (useful for comparing the relative expression levels of many samples),
simply pipette 1 ptL of each sample onto a nitrocellulose membrane in a grid pattern.
Allow to air dry for 20 minutes, then follow western blotting procedure below.
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Western Blotting:
* Block membrane in 50mL blocking buffer (TBST + 5% milk)
o Shake lhr at RT or overnight at 4"C
* Dilute primary antibody in new blocking buffer
o For my square membrane containers, 30mL total is fine
o For rholD4 (anti-rho tag), dilute antibody 1:2000 (so 15uL into 30mL)
o For anti-N-term, anti-C-term, and anti-FLAG, dilute antibody 1:3000 (so
1OuL into 3OmL)
* Incubate membranes in primary antibody (shaking) for 2 hours at RT or overnight
at 40C
o Can cut up membranes if necessary (e.g., one side rho, other side N-term)
* Pour off antibody solution and save in fridge
* Wash membrane briefly in about 20mL TBST (no milk)
* Wash 5x with 50mL TBST, 5 minutes each (shake)
* Dilute secondary antibody in new blocking buffer
o For my square membrane containers, 50mL total is fine
o Dilute antibody 1:5000 (so lOuL into 50mL)
o Goat anti-mouse antibody HRP for mouse primaries (like the anti-rho and
anti-FLAG)
o Goat anti-rabbit antibody HRP for rabbit primaries (like the anti-N-term
and anti-C-term)
* Incubate membranes in secondary antibody (shaking) for 1 hour at RT
* Discard secondary and wash membrane as before (5 x 50mL, 5 mins each, with
TBST)
* Detect using ECL Plus Kit (GE Healthcare)
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B.5 Bioreactor Media Preparation
For 1 Liter: For 1.1L
Dissolve the following in 1 liter of milliQ-filtered water:
* 13.7g DMEM powder (calcium free, from Atlanta Biologicals) 15.07g
* 3.7g Sodium Bicarbonate (NaHCO3) 4.07g
pH to 7.0 and add:
* 0.3g Dextran Sulfate (Mr-5000, from Sigma) 0.33g
* 3g Primatone RL-UF (from Quest International) 3.3g
Sterilize by filtering through 0.2um filter into a sterile bottle.
Now add the following sterile components:
* 1OOmL FBS (to 10% vol/vol) 1lOmL
* 1OmL Pen-Strep (to 1% vol/vol) 11 mL
* 1OmL L-glutamine (to 2mM) 11mL
* 1OmL 10% Pluronic F-68 (to 0.1% wt/vol) 11 mL
To make sterile 10% Pluronic F-68 solution (wt/vol):
* Dissolve lOg Pluronic F-68 in 1OOmL milliQ H20
* Sterilize by filtering through 0.2um filter into a sterile bottle
* Store at RT
Also make sterile supplements same way:
* 2mM L-glutamine (2.92g in 1OOmL, store at 4*C)
* 8% Sodium Bicarbonate (8g in 100mL, store at RT) add 20mL if necessary...
* 20% glucose (20g in 1OOmL, store at RT) add 1OmL for d5 supplement
* 10% Primatone RL-UF (3g in 30mL, make fresh) add 30mL for d5 supplement
To induce cells:
* We use tetracycline and sodium butyrate at slightly higher levels [Prashen uses
tetracycline at 2 ug/mL (2x) and sodium butyrate at 7.5mM (1.5x)]
e For ORs, use 2 ug/mL tetracycline and 2.5mM NaBu
* To induce 1L of cells:
o 20mL of 50x induction = 0.1 mg/mL tetracycline and 125mM NaBu (=
13.76 mg/mL)
o Dissolve the following in 18mL of milliQ H20:
o 2 mL of 1 mg/mL tetracycline stock (total of 2 mg)
o 0.275g of sodium butyrate
o Gives 20mL total
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B.6 Bioreactor Operation
(optimized for 1.25L final culture volume):
Day 0: Make up 1. 1L of media (recipe). With FBS and other ingredients
the final volume will come out to about 1.25L total volume. Put 1OOmL in a
separate sterile bottle to use cell resuspension, and add rest to reactor using sterile
siphon into INPUT PORT 1 (after draining PBS).
Split 6-8 confluent 150mm plates of cells, resuspend in remaining media (1 OOmL)
and inoculate reactor with cells using siphon into INPUT PORT 2 (final cell
density should be 3-5 x 105 cells/mL).
* Day 1-4: Monitor reactor conditions and adjust as necessary. If pH begins
dropping and increased gas flow (up to flow rate of 25) cannot compensate, add
20mL of the sterile 8% NaHCO3 solution through INPUT PORT 4 by siphon.
* Day 5: Growth supplement
Add 3.4g of Primatone RL-UF to 34mL of PBS and dissolve by heating in water bath
to -50*C. Use a stir bar to get it completely dissolved so that solution is totally clear.
In the sterile hood, add 11 mL of the sterile 20% glucose solution and mix again - we
want the Primatone to be completely dissolved or else it will clog the filter later!
Once it's dissolved, sterile filter through a 0.2CA zap cap into a sterile 250mL bottle.
Then siphon transfer into reactor using INPUT PORT 3.
* Day 6: OR induction.
Induce expression using 2 ug/mL tetracycline and 2.5mM sodium butyrate final
concentration.
To 23.4mL of PBS add 0.286g of sodium butyrate powder. Stir to dissolve. Then
inside sterile hood, add 2.6mL of tetracycline stock (1 mg/mL). Stir to mix, then
sterile filter. It might be more practical to use a syringe filter (0.2um) than a Zap cap
- just be careful to keep it sterile and filter into a sterile container like a 50mL
conical. Then transfer to sterile 250mL bottle and siphon to reactor using INPUT
PORT 4.
* Day 8: Harvesting cells. -> Harvest @ 40hr post-induction
Make up 1 OOmL of PBS plus protease inhibitors. Thus drop 2 of the Complete
EDTA-free tablets (NOT mini) into 1 OOmL total. Once made, put on ice to cool to
40C.
At reactor, use total drain line to siphon all cells into a clean/sterile 2L bottle. (note - we
don't really need to be absolutely sterile from this point on, but still try to be clean!)
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***Take lmL of the reactor harvest and put in a microcentrifuge tube for later cell-
counting analysis. Spin down cells in centrifuge for 2 minutes at 10000 rpm and keep on
ice until freezing in liquid nitrogen later. * * *
Transfer cells to 6 big centrifuge bottles (the kind we use for bacteria - be sure to
thoroughly clean them out first!!!). Balance the bottles, then spin in the centrifuge
(Sorvall, GSA rotor) for 20 minutes at 8000 rpm at 4*C. Afterwards, all cells should be
pelleted and media supernatant totally clear - if not, centrifuge again. Once OK, pour off
supernatant. Resuspend cells in cold PBS + inhibs solution by vortexing thoroughly (with
lid on) and then pipetting to break up clumps. Pool together into two 50mL conicals and
centrifuge for 20 minutes at 5000 g at 40C.




The antibody is rho lD4 monoclonal antibody (from Hybridoma 1B4-1) from Cell
Essentials. They will produce and purify it for you (protein A purification) at a cost of
roughly $6000 per gram.
NOTE: to avoid the hassle of dialyzing the antibody, be sure to have Cell
Essentials ship the antibody in the coupling buffer (0.25M NaHCO3, 0.5M NaCl, pH
8.3) and NOT in phosphate buffer.
If antibody is not in coupling buffer, dialyze as follows:
1) Before coupling to beads, antibody must be dialyzed into coupling buffer
(0.25M NaHCO3, 0.5M NaCl, pH 8.3) !
a. pH must be 8-10 for efficient coupling
b. Bicarbonate or borate buffers must be used, as Tris and other buffer salts
will couple to the gel !
c. High salt content (0.5M NaCl) is crucial as it prevents aggregates and
minimizes protein-protein adsorption
2) Wash dialysis tube ("Spectra/Por 2" RC membrane w/ 12-14kD MWCO
[could be higher]) thoroughly with distilled water, then fill with antibody
solution
3) Dialyze against 5-10 L coupling buffer (at least 100 volumes, if possible)
overnight at 4*C. Change dialysis buffer at least 3 times.
4) Determine protein concentration using A280 (1.383 AU == 1 mg/mL)
a. (GE Healthcare recommends 5-10 mg/mL (2-8 is optimal, NOT
HIGHER!)
0eads: CNBr-activated Sepharose 4B (GE Healthcare)
lg of dried bead powder will equate to 3.5 mL of final gel volume (bead slurry)
1) Suspend beads in 1mM HCl (beads swell -> gel)
2) Wash for 15 minutes with 1mM HCl on a sintered glass filter
a. Wash procedure: Use sintered glass funnel and vacuum flask. Resuspend
without suction. Wait ~1 minute. Apply vacuum until a dry cake is
obtained. Do not over dry.
b. Use about 200mL wash per gram of powder, added in several aliquots
3) After washing, add bead slurry to antibody (now in coupling buffer)
a. Add 20 mL bead slurry to 130-200 mg antibody equivalent
b. Thus, 50 mL slurry is plenty for our 326.70 mg antibody
c. (Rule from GE Healthcare is 5 mL coupling solution per gram of dried
bead powder) - 5 mL solution / 3.5 mL bead slurry
4) Mix and rotate at 4"C (4 hours to overnight)
a. Monitor antibody concentration in supernatant using A280 (spin down
beads for 5 mins first, 2000 rpm)
b. Can stop when antibody concentration is below 5% of starting value
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5) Discard supernatant (spin down beads first)
6) (optional) Wash away excess antibody with 5 gel volumes of coupling buffer
7) Block any remaining active groups on the beads
a. Use IM ethanolamine, pH 8.0
b. Volume should be equal to original supernatant volume (antibody
solution)
c. Rotate overnight at 4"C (16 hours) or 2h at RT
8) Remove excess of uncoupled antibody
a. Wash beads on sintered glass filter 4 times with alternating solutions of
coupling buffer and acetate buffer (0. 1M NaOAc, 0.5M NaCl, pH 4.0)
b. Wash volume should be at least 5 times original gel volume (recall 1 g dry
beads = 3.5 mL gel slurry)
9) Suspend beads in 1 gel volume of PBS pH 7.2 + 0.05% NaN3
a. Will be 50% slurry
b. Aliquot and store at 40C
SOLUTIONS:
H1Ci buffer: (1mM HCl) - for 1 L
For HCl, 36, 37, 38% concentration stocks are 1 1.64M, 12.02M, and 12.39M
85.9 uL 36% HCl stock into 1 L milliQ H20
81.3 uL 37% HCl stock
80.7 uL 38% HCl stock
Coupling buffer: (0.25M NaHCO3, 0.5M NaCl, pH 8.3) - for 1 L
29.221 g NaCl
21 g Sodium Bicarbonate (NaHCO3)
900 mL milliQ H20
pH to 8.3 (w/ NaOH), then bring volume up to 1 L
Blocking buffer: (IM ethanolamine, pH 8.0) - for 100 mL
6 ML ethanolamine (99.5% liquid stock is 16.5 M)
93 mL milliQ H20
pH to 8.0 w/ HCl
Acetate buffer: (0. 1M NaOAc, 0.5M NaCl, pH 4.0) - for 1 L
29.221 g NaCl
8.206 g Anhydrods Sodium Acetate (CH3COONa)
(13.608 g if trihydrous CH3COONa*3(H20))
900 mL milliQ H20
pH to 4.0, then bring up to 1 L
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1.6 Immunoaffinity Purification
1) Solubilize cells in PBS + 2% FC-14 + protease inhibitors (Roche Complete
tabs) for 4 hr (rotate at 4*C)
a. Use 1-2mL per 150mm plate, or 12.5mL per gram of bioreactor pellet
2) Spin down at 100,000g for 30 mins at 4*C
3) Transfer supernatant to new tube (discard nuclear pellets)
4) SAVE a small amount (-50uL) for western blot later - label as "total lysate"
5) Mix bead/buffer solution (either by tapping or pipetting) to form a slurry
6) Add r1D4-coupled bead slurry (Pharmacia Sepharose-4B, CNBr activated) to
remainder of supernatant [Binding capacity of bead slurry is -0.7 mg/mL (so
1 OOuL of slurry will bind -70ug protein)]
7) Rotate at 40C (>4 hrs, overnight is better)
8) Spin down beads 2K rpm for 1-2 min at 4"C
9) Remove supernatant, SAVE a small amount (~1OOuL) for western blot (label
as "flow thru" (probably better to save all FT in case doesn't work)
10) Wash beads with >100 bead volumes (1 OOmL for every 1mL bead slurry) of
PBS + 0.2% FC-14 (without protease inhibitors, since proteases will wash
away). Make sure beads are suspended and mixing during the rotation.
a. Do 5 washes for 10 mins each (rotate at 4"C) - wash until absorbance
280nm is less than 0.01.
b. (SAVE -OOuL of each supernatant (label as "wash 1", "wash 2", etc) and
discard remainder of supernatant)
c. For large scale purifications, use disposable filter columns for washing.
After rotating, simply drain the column instead of centrifuging beads.
d. For small batches, spin down beads (2K rpm, 1-2 min) between washes
11) Make elution buffer (PBS + 0.2% FC-14 + 1OOuM peptide (TETSQVAPA),
without protease inhibitors) - keep at ROOM TEMPERATURE
a. To elute, add 1 bead volume elution buffer to beads and incubate 1 hr
(rotate at ROOM TEMPERATURE). Make sure beads are suspended and
mixing during the rotation.
b. Repeat elutions until absorbance of eluate at 280nm is less than 0.1
(usually 6-7 elutions are required).
c. For large batches, continue to use disposable filter column. Drain and
collect elution as above.
d. For small batches, a microcentrifuge or PCR tube works best. Spin down
beads (2K rpm, 1-2 min) between elutions fractions.
12) Used beads can be regenerated for re-use by washing the medium with 2-3
column volumes of alternating high pH (0.1 M Tris-HCl, 0.5 M NaCl, pH 8.5)
and low pH (0.1 M sodium acetate, 0.5 M NaCl, pH 4.5) buffers. This cycle




The following is a list of all OR genes (and corresponding
protein sequences) constructed during this thesis.
All genes were optimized with human codon preferences and with 5' EcoRI
and 3' NotI restriction sites for cloning into mammalian expression
vectors such as pcDNA4/To. A Kozak ribosome binding site (RBS)
consisting of the DNA sequence GCCGCCACC was placed immediately before
the ATG start codon.
To enable cloning into the wheat germ cell-free expression vector
pIVEX1.3, we also incorporated a 5' NcoI site (CCATGG) at the start
ATG. As NcoI requires a G following the start ATG, certain genes had to
be modified by inserting either a glycine (GGC) or alanine (GCC) codon
after the start ATG. This is noted in the sequences.
The majority of genes constructed contained a C-terminal rho tag
sequence (-GGTETSQVAPA), designated "-rho" in the gene title.
In the course of the thesis, genes using several other tag sequences
were constructed and tested. The abbreviations are:
R-: N-terminal "membrane import sequence" consisting of the first 20
amino acids of bovine rhodopsin) (MNGTEGPNFYVPFSNKTGVVGG-)
HP-: N-terminal His/FLAG tag sequence (MRGSHHHHHHGGDYKDDDDKGG-)












































































































































Mutations: additional mutant versions of this gene were made via site-
directed mutagenesis (SDM) to either alter N-linked glycosylation
sequences or to generate a SNP variation.
N5Q: The asparagine at position 5 (codon AAC) was mutated to a
glutamine (CAG)
N195Q: The asparagine at position 195 (codon AAC) was mutated to a
glutamine (CAG)
N5Q,N195Q: Both asparagines positions were mutated
Q25R: The glutamine at position 24 (codon CAG) was mutated to an
arginine (codon AGG). A single-nucleotide polymorphism
(SNP) causes population variation at this amino acid (Q/R).
151
h0k17-4 (untagged)












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 MGTLSDGNHSG AVFTLLGFSD YPELTIPLFL IFLTIYSITV VGNIGMIVII
51 RINPKLHIPM YFFLSHLSFV DFCYSSIVAP KMLVNLVTMN RGISFVGCLV
1Ol QFFFFCTFVV TESFLLGVMA YDRFVAIRNP LLYTVAMSQR LCAMLVLGSY
151 AWGVVCSLIL TCSALNLSFY GFNMINHFFC EFSSLLSLSR SDTSVSQLLL
201 FVFATFNEIS TLLIILLSYV LIVVTILKMK SASGRRKAFS TCASHLTAIT
















































































































































































*already contains an NcoI site (no modification necessary)
DI4A
1 CCTGAATTCG
51 CCTCCTCGGG
101 GATTCCTCCT
151 TTCATCACAC
201 GAGGAACTTC
251 AGATGCTCAC
301 TGCTTCCTCC
351 tCTCCTCGCA
401 TGCGGTACGC
451 TGCAGCTGGA
501 GTtcCAACAG
551 ACAACTTTCC
601 TTTCTGGGCT
651 GACCGCCACT
701 GCGCCAAGGA
751 GTCGTGAGCC
801 CAAGAACGGA
851 CAGTGGTGAC
901 CAGGTGAAGC
951 CCAGACCGGA
1001 CGAGAAG
Protein
1 MANSTTVTEF
51 RRLYTPMYYF
101 LYFFLGTTEF
151 LLLIIVPSSI
201 ANFSLLGTLA
251- GSCIFMYVRS
301 REHVSKFQKF
CCGCCACCAT
CTGAGCGACG
GACCTACTTC
TGGCTGACCG
GCCATGCTCG
CAACATCATT
AGGCCTTCCT
GTCATGAGCT
CACAATCATG
TGTCCGGCCT
CCCTTTTGCG
CCTGATGGAG
TCGTGATCGC
TGCTACGGAC
GCGGAAGAAA
TGTTCTACGG
CAGGGGGAGG
CCCCACCCTG
AGGTGTTTAG
GGCACCGAGA
ILLGLSDACE
LRNFAMLEIW
FLLAVMSFDR
VFQQPFCGPN
VTATCYGHIL
GKNGQGEDHN
GGCAAACTCT
CCTGTGAGCT
CTCATCCTGC
CAGGCTGTAC
AGATCTGGTT
ACTGGCCACA
GTACTTCTTC
TCGACAGGTA
TCCAAGAGGG
CCTGCTCATC
GCCCAAACAT
CTGATCTGTG
CAACTTTTCC
ACATCCTGTA
GCATTTAGCA
CTCCTGCATT
ACCACAACAA
AACCCCTTCA
GGAGCACGTG
CCAGCCAGGT
LQVLIFLGFL
FTSVIFPKML
YVAICNPLRY
IINHFFCDNF
YTILHIPSAK
KVVALLNTVV
ACCACCGTGA
GCAAGTCCTC
TGGGAAACTT
ACCCCCATGT
CACCAGCGTG
AAACCATTAG
CTGGGCACCA
CGTGGCCATC
TGTGCGTGCA
ATTGTGCCCT
TATCAACCAC
CCGACACCAG
CTCCTGGGAA
TACCATTCTC
CATGCTCCAG
TtcATGTACG
GGTGGTCGCC
TCTACACACT
TCTAAGTTCC
GGCCCCCGCC
LTYFLILLGN
TNIITGHKTI
ATIMSKRVCV
PLMELICADT
ERKKAFSTCS
TPTLNPFIYT
CCGAGTTTAT
ATTTTCCTCG
CCTGATTATC
ACTACTTTCT
ATCTTCCCAA
CCTGCTCGGC
CAGAGTTTTt
TGCAATCCAC
ACTCGTCTTC
CCAGCATTGT
TTTTTCTGCG
CCTGGTGGAG
CCCTGGCTGT
CACATCCCCA
CCATATCATC
TCAGGTCCGG
CTGCTGAACA
CAGGAACAAA
AGAAATTCTC
TGAGCGGCCG
FLIIFITLAD
SLLGCFLQAF
QLVFCSWMSG
SLVEFLGFVI
SHIIVVSLFY
LRNKQVKQVF
SQT-GGTETSQVAPA
164
MFR-IC6 (mOR118-1)
DNA
1 CCTGAATTCG
51 CGGAGACTAC
101 GCCCCAATTT
151 ATGGCAAACT
201 CGCCTGTGAG
251 TCCTCATCCT
301 CGCAGGCTGT
351 CGAGATCTGG
401 TTACTGGCCA
451 CTGTACTTCT
501 CTTCGACAGG
551 TGTCCAAGAG
601 CTCCTGCTCA
651 CGGCCCAAAC
701 AGCTGATCTG
751 GCCAACTTTT
901 ACACATCCTG
851 AAGCATTTAG
901 GGCTCCTGCA
951 GGACCACAAC
1001 TGAACCCCTT
1051 AGGGAGCACG
1101 GAGAAG
Protein
1 MRGSHHHHHH
51 TVTEFILLGL
101 PMYYFLRNFA
151 GTTEFFLLAV
201 VPSSIVFQQP
251 LGTLAVTATC
301 MYVRSGKNGQ
351 KFQKFSQT
CCGCCACCAT
AAGGATGATG
CTACGTGCCC
CTACCACCGT
CTGCAAGTCC
GCTGGGAAAC
ACACCCCCAT
TTCACCAGCG
CAAAACCATT
TCCTGGGCAC
TACGTGGCCA
GGTGTGCGTG
TCATTGTGCC
ATTATCAACC
TGCCGACACC
CCCTCCTGGG
TATACCATTC
CACATGCTCC
TTTtcATGTA
AAGGTGGTCG
CATCTACACA
TGTCTAAGTT
GGDYKDDDDK
SDACELQVLI
MLEIWFTSVI
MSFDRYVAIC
FCGPNIINHF
YGHILYTILH
GEDHNKVVAL
GAGGGGCTCC
ACGACAAAGG
TTCAGCAACA
GACCGAGTTT
TCATTTTCCT
TTCCTGATTA
GTACTACTTT
TGATCTTCCC
AGCCTGCTCG
CACAGAGTTT
TCTGCAATCC
CAACTCGTCT
CTCCAGCATT
ACTTTTTCTG
AGCCTGGTGG
AACCCTGGCT
TCCACATCCC
AGCCATATCA
CGTCAGGTCC
CCCTGCTGAA
CTCAGGAACA
CCAGAAATTC
GGMNGTEGPN
FLGFLLTYFL
FPKMLTNIIT
NPLRYATIMS
FCDNFPLMEL
IPSAKERKKA
LNTVVTPTLN
CACCATCATC
CGGAATGAAC
AGACCGGCGT
ATCCTCCTCG
CGGATTCCTC
TCTTCATCAC
CTGAGGAACT
AAAGATGCTC
GCTGCTTCCT
TttCTCCTCG
ACTGCGGTAC
TCTGCAGCTG
GTGTtcCAAC
CGACAACTTT
AGTTTCTGGG
GTGACCGCCA
CAGCGCCAAG
TCGTCGTGAG
GGCAAGAACG
CACAGTGGTG
AACAGGTGAA
TCCCAGACCT
FYVPFSNKTG
ILLGNFLIIF
GHKTISLLGC
KRVCVQLVFC
ICADTSLVEF
FSTCSSHIIV
PFIYTLRNKQ
ACCACCACGG
GGCACTGAGG
CGTGGGCGGC
GGCTGAGCGA
CTGACCTACT
ACTGGCTGAC
TCGCCATGCT
ACCAACATCA
CCAGGCCTTC
CAGTCATGAG
GCCACAATCA
GATGTCCGGC
AGCCCTTTTG
CCCCTGATGG
CTTCGTGATC
CTTGCTACGG
GAGCGGAAGA
CCTGTTCTAC
GACAGGGGGA
ACCCCCACCC
GCAGGTGTTT
AAGCGGCCGC
VVGG-MANST
ITLADRRLYT
FLQAFLYFFL
SWMSGLLLII
LGFVIANFSL
VSLFYGSCIF
VKQVFREHVS
165
